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The electrical conductivities of a number of minerals
(primarily garnets, but also enstatite, hypersthene, horn-
blende, olivine, and quartz) are measured in a controlled
atmosphere as a function of the temperature. The design of
the apparatus is applicable to the measurement of A.C. and
D.C. conductivities at elevated temperatures and the atmos-
phere is efficiently regulated by a wastite buffer so as to
prevent alteration of the iron contents of the specimens.
Although the majority of specimens measured exhibit
a conductivity peak (as great as 3 orders of magnitude) or
a suggestion of a peak in the plots of the logarithm of the
conductivity versus the temperature, garnets are the only
specimens investigated in detail. Experimentation with
garnets indicates that conductivity curves obtained from
heating and cooling measurements do not coincide, but a
given set of curves may be reproduced exactly providing an-
other sample from the same specimen is measured under iden-
tical conditions. The presence of an aqueous vapor phase
tends to eliminate the electrical conductivity peak and
suggests that the water vapor in the laboratory air may be
responsible for the absence of the conductivity peak asso-
ciated with a sample run in air. Oxidation of the sample
appears to increase the overall conductivity. Therefore,
a buffered atmosphere is an absolute necessity in measuring
rock-forming minerals containing ferrous 'iron.
For those garnets run in a dry buffered atmosphere,
a possible dependence of the electrical conductivity upon
chemical composition is demonstrated. It appears that the
lower temperature conductivities depend upon the concentrations
of FeO and Fe203, the highest temperature conductivities upon
"MgO" (CaO plus MgO as equibalent MgO), and the intermediate
temperature conductivities possibly upon "Mg0" and/or "MgO"/
MnO.
Polarization and/or thermo-electric effects become
predominant in the higher temperature regions for many of the
minerals investigated, especially quartz and enstatite. How-
ever, as the iron contents of the minerals increase, these
iii
effects become suppressed to the point of being unobservable.
Corrections are attempted where polarization and thermo-
electric effects occur and the accuracies of all the measure-
ments are estimated to be within 10% of the actual values.
The majority of the curves obtained for log (r vs
l/T are quite different from those obtained by other investi-
gators and this may be due to the following: 1) a dry silicate
run in air produces no conductivity peak; 2) a dry silicate
run in a dry buffered atmosphere yields a conductivity peak;
and 3) a dry silicate run in an aqueous buffered atmosphere
gives no conductivity peak.
If the conductivity peaks observed in this investigation
occur in nature, they may possess considerable geophysical
significance.
Until the presence or absence of a conductivity peak is
verified for the minerals at depth, a maximum for the iron
content in the upper portion of the mantle may not be deter-
mined from geomagnetic field observations or magneto-
telluric sounding techniques.
Finally, on the basis of the magnitudes of the electri-
cal parameters and the shapes of the curves for log a- vs 1/T,
the following processes probably determine the electrical
conductivity in the outer portion of the earth: 1) in the
near surface region of the crust - ionic conductivity deter-
mined by abundant pore fluids; 2) in the lower portion of
the crust - impurity and intrinsic semi-conduction; 3) in
the basal portion of the crust or upper mantle - intrinsic
semi-conduction and ionic conduction together (peak conduc-
tivity region); and 4) in the deeper mantle - intrinsic
semi-conduction giving way to ionic conductivity with depth.
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PART I
1
INTRODUCTION - In recent years, many of the investigations
into the nature of the interior of the earth have been con-
cerned, directly or indirectly, with the electrical conductivi-
ty of the earth's crust, mantle, and core. It is well known
to geophysicists that the numerous laws of chemistry and
physics defining the earth's internal constitution and be-
havior are inter-related in such a manner that a discussion
of a particular phenomenon is difficult or even impossible
without reference to other contemporary phenomena. Such is
the case of the evaluation of the electrical conduction proper-
ties of the interior of the earth which requires a knowledge
of the temperatures at depth, the chemical composition, data
obtained from geomagnetic field observations, and laboratory
measurements of pertinent compounds at high temperatures and
pressures. Also, further theory is required to extrapolate
the measurements to the temperatures and pressures within
the earth. This extrapolation demands some knowledge of the
conduction mechanism, which, in turn, requires further measure-
ments for elucidation.
A detailed discussion of the preceding relationships would
be rather voluminous and the reader is referred to Birch's
(1952) work for one of the best discussions and an extensive
bibliography.
Previous investigations by others have indicated that in-
creasing the proportion of iron in a mineral specimen greatly
increases the electrical conductivity. For example, the
curves of the logarithm of the conductivity as a function
of the temperature of Coster (1948) show increasing con-
ductivity for increasing iron content. However, as pertains
to minerals containing ferrous iron, many measurements have
been imprecise due to the reduction or further oxidation of
the iron content as the sample is heated to elevated tempera-
tures. Theoretically, this difficulty may be avoided in most
instances by controlling the partial pressure of the oxygen
in the vapor phase in the vicinity of the sample with a
suitable buffer mixture. The first objective here, then,
was to develop such a buffer mixture by a consideration of
the oxidation-reduction phenomena associated with gas-solid
equilibria of the sample and its vapor and, secondly, to de-
sign apparatus applicable to the measurement of the electrical
conductivity in a controlled atmosphere at elevated tempera-
tures.
Experimental difficulty has been encountered in the past
due to polarization possibly arising from minor constitu-
ents or impurities in certain minerals. However, the high
conductivity of iron-rich minerals tends to minimize this
effect. Therefore, many of the mineral specimens selected
for the measurement of electrical conductivity as a function
of temperature in this investigation were iron-rich.
By comparing the measured conductivities of silicates of
increasing iron content with the conductivity observed in the
the upper part of the earth's mantle, an upper limit to the
iron content there should be determinable. The possibility
of such application of the data is examined.
Finally, the results of the conductivity measurements
are discussed in terms of solid-state physics in order to
gain insight into probable conduction mechanaismls in opera-
tion throughout the various temperature intervals.
REDUCTION-OXIDATION CONSIDERATIONS - Geologically, the
most important elements in the crust are 0, Si, Al, Fe, Ca,
Na, K, and Mg since these constitute approximately 99% of
the total composition and, in the earth as a whole, Fe, 0,
Si, Mg, Ni, Ca, and Al (Mason, 1952). In the majority of
minerals formed from these, all of the elements exist in
their highest oxidation states except for iron, which is
either in the ferrous or ferric form, or both, Depending
upon the partial pressure of the oxygen but not otherwise
upon the chemical composition (or total pressure, if small)
of the vapor phase, when a representative mineral contain-
ing ferrous iron is heated over a wide temperature range,
the iron may be oxidized or reduced unless its relation-
ship to the vapor is such that chemical stability exists
over the entire temperature interval. If the ferrous-
ferric ratio can be held constant in the sample throughout
an experiment involving large temperature variations, chemi-
cal stability should exist for all components of the com-
mon igneous or metamorphic rock-forming minerals except
except those containing Ni, Co, etc., in which case, oxides
of these would be reduced.
Theoretically, this ratio can be controlled by buffering
the system so as to give the proper partial pressure of
oxygen versus temperature relationship. Considerable work
has been done on the action of buffers and the criteria for
stability of a number of minerals by Eugster (1957, 1959)
and data for numerous metal-oxide systems have been compiled
by Darken, Gurry, Muan, Richardson, Jeffes, Kelley, and
others. Calculations utilizing these data and considerations
of pertinent free energy relationships demonstrate that a
buffer of wustite (FeO) composition will prevent alteration
of ferrous silicates by regulating the partial pressure of
the oxygen so as to maintain a chemical potential of in-
sufficient magnitude to drive the related silicate reaction.
Since wustite does not exist below approximately 570* C,
the buffer was prepared as a mixture of metallic iron and
magnetite to produce an oxygen content equal to 23.26% by
weight (see Darken and Garry, 1953, Fig. 14-5). It should
be mentioned here that stoichiometric FeO is thermodynamically
unstable at all temperatures and that the maximum iron con-
tent corresponds to Fe0 .9530 (Darken and Gurry, 1946). Finally,
further calculations demonstrate that 0.2 gm of buffer mixture
is sufficient to control the vapor in a system with dimensions
comparable to those of the apparatus in this investigation.
INSTRUMENTATION - Two experimental arrangements were em-
ployed in this investigation. Apparatus I provided only D.C.
measurements while Apparatus II allowed both A.C. and D.C.
measurements and minimized a few of the disadvantages and
probable sources of error inherent in Apparatus I. Of con-
siderable concern was the condensation of water vapor in
Apparatus I during the measurement procedure.
The overall arrangements for Apparatus I and Apparatus II
are illustrated in Figure 1 (Figure III-1 in Part II) and
the furnace for Apparatus II in Figure 2 (Figure III-5 in
Part II). The furnace winding consists of 23 feet of 0.01
inch platinum wire wound externally and non-inductively on
a cylindrical alundum core with inside and outside diameters
of 7/8 and 1 1/8 inches respectively and a length of 8 1/2
inches. The heater core is enclosed by a concentric alundum
cylinder with inside and outside diameters of 1 3/8 and
1 3/4 inches respectively. Both tubes lie along the axis of
a 6 inch diameter steel tube and the space between is filled
with high temperature insulation material. The steel cylin-
der (1) is capped at both ends with 3/8 inch thick "Transite"
discs (2) and brass rods (3) hold these in position. The
stand (9) for the furnace also supports 2 clamps (8) which
stabilize a recrystallized alumina tube (4). This impervious
high-vacuum tube of interlocking corundum crystals passes
through the center of the furnace and is sealed at both ends
with universal compression seals (5). A combination of
glass T's, rubber tubing, and clamps permit thermocouple en-
tries (7) and gas flow (6).
The sample holder in the furnace tube is constructed of
high temperature ceramic tubes and tool steel stabilizers
(the stabilizers do not experience temperatures greater than
approximately 150* C when the center of the furnace is about
1200 C). Set screws in the steel stabilizers hold the cer-
amic tubes in position. Thermocouple rods, pushed together
by a spring arrangement, position the sample and allow for
expansions and contractions of the sample and equipment
during the temperature cycle. A platinum buffer container
is supported by one of the thermocouple rods and is located
approximately 1/2 cm from the end of the sample.
PROCEDURE - After numerous mineral specimens
(primarily garnets, but also enstatite, hypersthene, olivine,
quartz, and hornblende) were collected, 2 or 3 cores were ex-
tracted from each with the aid of a diamond core drill. The
cores obtained had diameters on the order of 0.115 inch,
varied in length, and were squared at the ends with a diamond
saw. After the diameters and lengths of the cores were mea-
sured and prior to being installed in the furnace, each sam-
ple was coated on the end faces with a platinum paste (#758)
made by Johnson-Matthey & Company of London, England. Con-
siderablecare was taken in the application of this paste
to completely coat the ends of the sample and only these
faces. At relatively low temperatures, the volatile com-
ponent is driven off, leaving behind a thin film of platinum
bonded to the surface of the sample and to the thermocouples,
thereby insuring good electrical contacts.
Each of the samples was then placed into the furnace and
the furnace was partially sealed. After flushing the furnace
tube with argon gas for approximately 10 minutes, the system
was sealed completely for the measurements of the electrical
properties as a function of the temperature.
Utilizing a 1.5 volt battery, D.C. values were obtained
for currents through the sample in the forward and reverse
directions. 1.5 volt r.mos. A.C. measurements were also
made in order to observe the effects of polarization and
thermo-electric processes on the conductivity.
CHEMICAL ANALYSES - Chemical analyses of the minerals to
be measured were accomplished by following the procedure of
Shapiro and Brannock (1956) for the "rapid analysis of sili-
cate rocks". Using this technique, FeO, total iron as
Fe203 , MnO, and CaO plus MgO as equivalent MgO were deter-
mined for many of the samples. The two silicates, G-1 and
W-1 (see Fairbairn, 1951) were run along with the samples as
a check on the technique of the analyst and the accuracy of
the results,
GARNET MEASUREMENTS - Since one of the goals of this in-
vestigation is to obtain data applicable to the study of the
earth's interior, the choice of garnets for study is evident.
These, with pyroxenes in eclogite, may well be the principal
constituents of the upper mantle [Turner and Verhoogen (1951);
Lovering (1957, 1958)] and, furthermore, extremely little
has been published on their electrical behavior.
Garnets were chosen on the basis of color and specific
gravity to give a range of values for the iron contents.
After the specimens were examined macroscopically for twin-
ning, fractures, homogeneity, and massiveness or crystallinity,
the electrical conductivities were obtained for the specimens
at temperatures up to their melting points and under various
conditions (see Table 1). Typical conductivity data are ii-
lustrated by plots of the logarithm of the conductivity ver-
sus the reciprocal absolute temperature in Figures 3 through
15 (Figures A-20, A-21, A-18, A-19, A-11 through A-17, A-24,
and A-25 respectively in Part II) (a-= [ohm-cm]I1).
Inspection of these graphs and the corresponding composi-
tions of the various garnets shows that similar compositions
result in similar conductivity plots, providing that the mea-
surements were carried out under the same conditions. All
garnets measured in an atmosphere controlled by the wustite
buffer in Apparatus II exhibit an electrical discontinuity
at approximately 5700 C (this is represented by a line on
the graphs at [l/T] x 103 - 1.186) and a conductivity peak
or a suggestion of a conductivity peak at approximately 8000
C. The values of the conductivities decrease for a short
range of temperatures after the conductivity peak tempera-
ture, then increase, apparently asymptotic to a line deter-
mined by extremely large values for a-, and E for the conduc-
tivity c- given by <r aexp[-E/kT] where o is a constant
and E is the excitation energy required to place a charge
carrier into a mobile state. The cooling curves in each
case tend to be straight lines as well as the heating curves
in the region below 570" C. Upon reheating, both the heating
and cooling curves coincide and correspond rather closely to
the initial cooling curve providing the maximum temperature
of the initial run has not been exceeded.
As parameters of value in the interpretation of the data,
the following quantities have been extracted from the graphs:
1) the excitation energy E and the constant a- as determined
from the slopes and intercepts of the straight line segments;
2) the peak conductivities of certain curved portions and
the associated temperatures; and 3) the differences in con-
ductivity values as determined by passing current through
the sample in the forward and reverse directions (see Table
2).
It was noted that there was considerable condensation of
water upon termination of the measurements in Apparatus I.
In order to investigate the effect of water vapor in the sys-
tem on the values obtained for the electrical conductivities,
a sample from garnet #106 was prepared and placed into the
furnace of Apparatus II as in previous measurements, but, in
this case, the buffer was saturated with water and approxi-
mately 2 ml of water was introduced into the ends of the gas-
tight tube. The tube was partially sealed, flushed with ar-
gon gas for 10 minutes, and then completely sealed for con-
ductivity measurements. Due to failure of the furnace coil
at the maximum temperatures in this run, a second sample was
measured in order to determine the nature of the cooling
curve. The results of these runs are plotted in Figures 3
and 4 (Figures A-20 and A-21 in Part II). It is to be noted
that the aqueous runs give almost identical curves and that
the conductivity in the peak area is less by approximately
one order of magnitude than that of the normal run in Figure
5 (Figure A-18 in Part II). Aqueous run #2 agrees well with
the normal run in the temperature region above the peak area
but does not show the same separation of points at a given
temperature. Therefore, water vapor reduces the conductivity
in the conductivity peak region and prevents the separation
of points (from measurements in the forward and reverse di-
rections) in the high temperature region. Furthermore,
there is little difference between the initial slopes of the
dry and aqueous runs in the region below 570" C, illustrating
that an aqueous vapor has little effect in this region.
A large sample from garnet #106 and approximately 0.2 gm
of buffer mixture were placed into the furnace, which was
then flushed with argon gas for 15 minutes. The furnace tube
was sealed and heated to 8000 C in 1.3 hours. The tempera-
ture was maintained between 800Vand 826* C for 5 hours, where-
upon, it was gradually decreased, the entire heating and cool-
ing process requiring about 8 hours. Subsequent wet-chemical
analyses demonstrated the ferrous iron content to be very
close to those values obtained originally for garnet #106,
thereby confirming the fact that the buffer is efficient in
preventing significant oxidation or reduction of the ferrous
Iiron content in this garnet for periods of time of at least
8 hours (the approximate length of time required for a run)
at elevated temperatures.
An initial run and a rerun, under conditions of a buf-
fered atmosphere, were made on garnet #104 (see Figures 7
through 9)(Figures A-11 through A-13 in Part II). Following
these, a third run was made with air passing through the
furnace at a rate of approximately 100 cc per minute (see
Figures 10 and 11)(Figures A-14 and A-15 in Part II). The
most striking difference between these curves is the increase
in the conductivity upon cooling for the oxidized sample.
Furthermore, the conductivity as a whole for both heating and
cooling curves is greater when the specimen is run in air.
Therefore, we see that a buffered atmosphere is an absolute
necessity in measuring conductivities of rock-forming min-
erals containing ferrous iron.
For all the garnet specimens as a group which were run
in an atmosphere buffered with wastite in Apparatus II, the
slopes of theinitial heating curves in the region below 570*
C do not appear to depend on the abundance of any particular
element that was considered in the chemical analyses (e.g.-
there are no trends in the magnitudes of the excitation ener-
gies (E) or the constants (o;) with the percent by weight of
ferrous iron oxide). However, with the exception of garnet
#112, the magnitudes of the excitation energies suggest that
the ratio of total iron as ferric oxide to ferrous oxide may
be important since these increase with this ratio. In this
I.1?
case, the comparison of the garnet specimens should probably
be made only on the basis of those garnets with similar physical
properties (#103 through #107) since we do not know the effects
of twinning, the degree of crystallinity, and other differ-
ences noted in the macroscopic examination of the specimens.
Using these specimens only, E and a; increase with increasing
FeO and Fe203 (actual) contents respectively. Other chemi-
cal oxides or ratios show no trends. The other temperature
regions were examined in an analogous manner and it appears
that the lower temperature conductivities depend upon the
concentrations of FeO and Fe203 (actual), the highest temper-
ature conductivities upon the "MgO" (equivalent MgO) content,
and the intermediate temperature conductivities possibly upon
"MgO" and/or "MgO'/MnO.
ENSTATITE-HYPERSTHENE MEASUREMENTS - Since enstatite and
hypersthene may be representative of portions of the earth's
mantle, the electrical conductivities of these minerals were
measured. The pyroxenes, enstatite and hypersthene, are
part of a continuous isomorphous series, which has the gen-
eral formula: (Mg,Fe)2 (SiO3)2; those specimens containing less
than 15% FeO are termed enstatite and those with a greater
concentration, hypersthene (Dana, 1951). The enstatite speci-
men used in this investigation was cored from a lamellar,
homogeneous mass and the hypersthene specimen from a homo-
geneous, cleavable aggregate. Data pertinent to the measure-
ment of these specimens may be examined in Tables 1 and 2.
The curve for enstatite in Figure 16 (Figure A-39 in Part
II) demonstrates a shape similar to the majority of minerals
measured in this investigation. Polarization is considerable
to extreme in the temperature region above 570' C and "cor-
rections" made for this effect result in the solid black
points as being comparable with the A.C. conductivity. The
vertical line at the left side of Figure 16 is located at
1140' C, the temperature for the transition of enstatite to
clino-enstatite. On the basis of the magnitudes of the par-
ameters in Table 2, it appears that it is in this tempera-
ture region that the conductivity changes from intrinsic semi-
conduction to predominantly ionic conduction. The small cir-
cles represent points of the cooling curve and demonstrate
that the heating and cooling curves do not coincide.
The conductivity plot for hypersthene in Figure 17 (Figure
A-40 in Part II) possesses the same general shape as that
for enstatite and yields comparable values for the excitation
energies, but this is where the similarity ends. The most
striking difference is the absence of polarization in the
hypersthene measurements, Although not as obvious, another
important factor is the overall increase in conductivity by
approximately one order of magnitude.
HORNBLENDE MEASUREMENTS - When it became evident that water
vapor in the furnace system affects the values of the conduc-
tivities in the intermediate temperature region, it was de-
cided that hornblende conductivity measurements might help to
determine more facts concerning this effect. This assumption
was made not only due to the fact that hornblende contains
an (OH)~ radical, but also due to the possibility of excess
water having been trapped in the interstices of the crystal
at the time of formation.
Since the D.C. equipment was not designed to handle such
large conductivities as were observed here, only A.C. measure-
ments are illustrated. In the lower temperature regions
where D.C. conductivity measurements were possible, polariza-
tion was not evident. This specimen exhibits a conductivity
plot (see Figure 18 [Figure A-42 in Part II]) unlike the ma-
jority of specimens in that a straight line may be passed
through all of the low temperature points on the graph on
into the temperature region of the conductivity peak illus-
trated by other curves. It is difficult to state with cer-
tainty whether or not a conductivity peak occurs here since
the conductivity decreases with extreme rapidity on the high
temperature side of this region. Upon completion of the run,
it was observed that the sample had decreased in length and
bulged slightly at the sides, thereby indicating that partial
melting had taken place. It should be mentioned here that
well-bonded electrode contacts were maintained throughout the
run.
OLIVINE MEASUREMENTS - The possibility that olivine
[(Mg,Fe)2SiO 4] may be a major constituent of the earth's man-
tle is generally agreed upon by most geophysicists and it is
because of this that a number of investigations into the elec-
trical properties of members of the olivine series have been
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carried on in the past (see Hughes [1953, 1955], Balchan and
Drickamer [1959], and Runcorn and Tozer [1955]). In many
of these measurement sequences, there existed the possibility
of alteration of the ferrous iron content in the specimen.
Therefore, it seemed worthwhile to determine whether or not
the data obtained previously would correspond to measure-
ments performed in a buffered atmosphere.
Although a number of samples of dunite (in this case poly-
crystalline aggregates containing approximately 90% olivine)
were cored, analyzed, and measured as in the previous sections,
the conductivity data for #Gf 1 (Figures 19 and 20 [Figures
A-36 and A-37 in Part II]) are, perhaps, the only data indica-
tive of the conduction properties of dunites here for compari-
son purposes since this is the only dunite specimen that was
measured in approximately the same manner as the other speci-
mens. (This sample was measured in a vapor controlled by a
wastite buffer, but in Apparatus I, and it is not known how
efficiently this system operated.)
The initial heating curve for dunite #Gf 1 exhibits a con-
ductivity peak similar to those of the other minerals mea-
sured in this investigation and a suggestion of a second con-
ductivity peak. The rerun reproduces the high temperature
results well with little polarization, but the separation of
points is extreme at lower temperatures.
OUARTZ - Since Si0 2 is a constituent of many eclogites,
the electrical conductivity of a specimen cored from a single
quartz crystal was measured in a controlled atmosphere in
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order that the experimental conditions would be similar to
those in the preceding sections. The specimen was prepared
in the same manner, but no chemical analyses were performed.
The a and/3 quartz regions [regions (a) and (b) in Figure
21 (Figure A-41 in Part II)] demonstrate that polarization
is all but absent and that the conductivity peak is as pre-
dominant as in many of the garnet curves. The tridymite re-
gion (c) is characterized by extreme polarization and a
change in the conduction mechanism. On the basis of the
"corrected" points, it appears that the highest temperature
measurements may be located in another conductivity peak
area. The cooling curve exhibits even greater polarization
and the corrected values correspond rather well to the heat-
ing curve values in region (c). Upon termination of the run,
it was observed that the specimen had not changed its appear-
ance whatsoever.
DISCUSSION - Reproducibility of Measurements - In every
specimen measured, there existed a distinct difference be-
tween the initial heating curve and the subsequent cooling
curve, this difference being rather pronounced in the majori-
ty of runs. However, the two samples from garnet #106,
which were measured in aqueous vapors, demonstrate that, al-
though the cooling curve differs from the initial heating
curve for a particular sample, both of these curves may be
reproduced by measuring another sample from the same speci-
men under similar conditions. The values of the excitation
energies for the two cases are observed to be in good
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agreement. Furthermore, considerable extrapolation is neces-
sary in order to determine the values of a; , a slight vari-
ation in the slope of the line resulting in a significant
effect on the magnitude of a . Therefore, it appears that
the reproducibility of the measurement technique employed in
this investigation is very satisfactory.
Differences between Initial Heating and Cooling Curves -
For the minerals investigated, correspondence between the ini-
tial heating and cooling curves for a given sample should not
be expected for at least two reasons: 1) the "freezing-in"
of defects at elevated temperatures during cooling and 2)
the separation of grain boundaries upon cooling during an
experimental run.
Solid state theory suggests that conductivity in such cry-
stals is due to the presence of lattice defects (i.e.-atomic
displacements or irregularities involving an increase in in-
ternal energy, say E per defect, but a decrease in free ener-
gy because of the increased entropy). The equilibrium number
of defects, and thus the conductivity, increases rapidly with
the temperature as exp(-E/kT). Between the displaced atom
and its regular position there will be an energy barrier, of
magnitude say U, and if the temperature is reduced rapidly
enough, the defect may be "frozen in". Quantitatively, this
occurs when:
- exp(-U/kT) << 1/t
where: Y is the frequency of atomic vibration
exp(-U/kT) represents the probability of the
atom having sufficient energy to overcome theenergy barrier
i 8
t is the time scale of the experiment
The rate of cooling in the experiment being many orders
of magnitude higher than in nature, many more "frozen-in"
defects may be present upon cooling than in the initial
heating and the associated conductivity may be corresponding-
ly higher.
The freezing-in of defects, like any other change in the
conductivity mechanism, should be revealed by a kink in the
log or vs. 1/T curve. At low temperatures, the conductivity
is proportional to:
n.exp(-E'/kT)
where n. is the number of defects (fixed by the freezing-in
in excess of the equilibrium number and independent of the
temperature at low temperatures) and E' is some excitation
energy. At higher temperatures, the conductivity is depen-
dent upon:
n exp(-E'/kT) - N exp(-E/kT)exp(-E'/kT)
- N exp(-[E + E'IJ/kT)
where: n - N exp(-E/kT) - the equilibrium number of
defects
N - the number of atoms capabable of displace-
ment
exp(-E/kT) - the probability of a displacement
In addition to the freezing-in of defects, we must also
consider the effect of grain boundary separation. Separation
of grain boundaries during heating and cooling, should, at
first sight, reduce the conductivity by severing conduction
paths. However, new surfaces may be created (e.g.-by the
spreading apart of internal fractures) and this may lead to
an increasing conductivity from surface defects or along sur-
face paths.
Therefore, in view of the above discussion, it is not to
be expected that the heating and cooling curves will coincide.
Polarization and Thermo-electric Effects - In order to
check for possible polarization, Coster (1948), employing
D.C. techniques, measured the current, first in one direction,
then in the reverse direction. He found that, in most cases,
the measurements coincided, demonstrating that polarization
was negligible. This process was followed in the present
investigation and, in addition, thermo-electric effects were
sought by allowing the sample itself to drive current through
a galvanometer possessing high sensitivity. Furthermore,
A.C. measurements were made at 30 c.p.s. and it was observed
that the A.C. and D.C. measurements coincided in those tem-
perature regions where the D.C. measurements indicated no
polarization.
In certain instances, the D.C. points for a given tempera-
ture were so different that, in order to use the data, some
form of polarization and/or thermo-electric correction had
to be made. It was noted that, in most instances, the voltage
produced by the sample itself was different before the mea-
surement was performed than after and that it exhibited no
signs of decay. This value was subtracted or added to the
value for the sample, depending upon the direction of the cur-
rent through the sample and whether this "correction" was
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obtained before or after the measurement sequence. The "cor-
rected" values coincided fairly well with each other and with
the A.C. measurements. Therefore, the "corrected" values are
indicative of the A.C. conductivity, the separation of the
D.C. points representing the degree of polarization and thermo-
electric effect. Then the A.C. and D.C. conductivities are
represented by the same curve when all points coincide and,
in the temperature regions where this is not true, there are
three values for the conductivity: 1) the D.C. conductivity
in the forward direction; 2) the D.C. conductivity in the re-
verse direction; and 3) the A.C. conductivity. The A.C. con-
ductivity exhibited little frequency effect and, as was ex-
pected, the higher temperature regions demonstrated the
greatest separation of D.C. values. Although, for the earth
with its sinusoidal electrical variations, it is the A.C.
conductivity that should be considered as representative of
the actual electrical conductivity, D.C. values are applic-
able in many instances (e.g.-those temperature regions where
A.C. and D.C. values coincide).
Sources of Error and Accuracy of Results - There are many
sources of error inherent in this type of investigation and
may be attributed to displacement currents or frequency ef-
fects, polarization, electrode phenomena and the associated
voltage distribution across the sample, sensitivity limits
of the meters utilized in the actual measurement circuit as
well as those used to determine the values of circuit com-
ponents, the accuracy of the measurements of the dimensions
of the specimens, contact and lead resistances, the accuracy
of the graphical calibration curves for the A.C. measurements,
etc.
Calculations demonstrate negligible displacement current
for 30 c.p.s. A.C. measurements and no frequency dependence
was observed as the frequency was varied from 30 to 300 to
3000 c.p.s. Polarization effects may be essentially "cor-
rected" according to the procedure in the preceding section.
The error introduced by the sensitivity limits of the meters,
measurements of sample dimensions, etc. may be determined by
the differential approach to error analysis. However, electrode
phenomena and the associated voltage distribution across the
sample may introduce greater uncertainty into the results
than all other sources of error combined.
The voltage distribution across the sample was not con-
sidered in this investigation, but Cronemeyer (1952) made
measurements of this for single crystals of rutile by plac-
ing probes at appropriate intervals across the specimen. He
found that the field is markedly distorted near the electrodes
so that the net field in the central portion of the crystal
is appreciably smaller than the applied field strength. He
shows further that the true conductivity may then be consi-
derably different from the overall conductivity (by as much
as 1 order of magnitude). This is in accordance with the
theory concerning metal-semiconductor contacts as in Spenke
(1958).
a)')
Therefore, without data pertaining to this phenomenon
in the present investigation, the values obtained for the
electrical conductivity data are estimated to be within
approximately 10% of the actual values.
Comparison with Other Investigations - The majority of
curves for the conductvitiy as a function of the temperature
are quite different from those obtained by other investiga-
tors, however, Hughes (1953), Coster(1948), Cronemeyer (1952),
and others observed a distinct difference between the heat-
ing and cooling curves, a phenomenon noted in this investiga-
tion and discussed above. Aside from this, Cronemeyer is
the only one to illustrate a suggestion of a conductivity
peak; all others found that the conductivity could be repre-
sented rather well by o- - arlexp(-E 1/kT) + 0-2exp(-E 2/kT) for
any particular temperature. The conductivity peak is the
most striking difference between the present and previous in-
vestigations and, without a predominant conductivity peak,
all the curves are quite similar in shape. The present re-
search differs from the others in that the sample was not in
contact with the laboratory atmosphere but utilized a buffer
in a sealed system to control the partial pressure of the
oxygen. Calculations demonstrated that the buffer was effi-
cient in controlling the partial pressure of the oxygen so
as to prevent alteration of the sample and wet-chemical anal-
ysis reinforced this argument.
If we generalize the data from this investigation, the
facts are: 1) a dry silicate (i.e.-one containing no H20 or
4 )Q
[OH]') run in air produces no conductivity peak; 2) a dry
silicate run in a dry atmosphere buffered with wustite yields
a conductivity peak; and 3) a dry silicate run in an aqueous
buffered atmosphere gives no conductivity peak. One might
expect, then, that a mineral containing H20 or (OH)~ and
run in a dry buffered atmosphere would produce no conductivi-
ty peak, that the same mineral run in air would demonstrate
a conductivity peak, and that the same mineral run in an
aqueous buffered atmosphere would give a peak. It was
pointed out that the curve for hornblende, measured in a dry
buffered atmosphere, was a straight line and that the maxi-
mum temperature attained exceeded that of the melting point
of the specimen.
It appears, then, that the presence of water vapor in the
mineral or in the atmosphere surrounding it will greatly in-
fluence the shape of the log o- vs. 1/T curve and that dry
silicates will not exhibit a conductivity peak if water va-
por is present. Furthermore, it may be that the water con-
tent of the air in the laboratory is sufficient to eliminate
the peak in the case of dry silicates.
The Electrical Conductivity of the Earth's Crust and Upper
Mantle - The electrical conductivity of the upper portion of
the earth's mantle may be estimated by analysis of transient
variations in the geomagnetic field. Lahiri and Price (1939)
employed this approach to obtain the electrical conductivity
as a function of depth and suggest probable values for depths
as great as 800 km. Some uncertainty in the shielding effect
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of the oceans results in a corresponding uncertainty in the
actual conductivity versus depth distribution. Furthermore,
although several distributions are compatible with the ob-
served geomagnetic variations, each curve demonstrates that
the conductivity increases rapidly in the outer portion of
the earth. Lahiri and Price conclude then that their inter-
pretation has greater validity at depth than in the near sur-
face region and, as Rikitake (1951), that the electrical con-
ductivity rises sharply in the upper few kilometers of the
earth.
More detailed information pertaining to the near surface
region has been acquired by Cantwell (1960). Magneto-telluric
sounding techniques were utilized in order to determine the
electrical conductivity at depths on the order of 70 km.
Cantwell states that, due to the measurement technique and
the method of interpretation, this value may be stretched to
100 km. A discontinuity at these depths demonstrates an a-
brupt shift in conductivity from 1.25 x 10-6[ohm-cm]il to
greater than 1.25 x 10~ 4[ohm-cm]~' (the equipment will not
permit a distinction between the latter value and infinite
conductivity), a shift of at least 2 orders of magnitude.
Therefore, on the basis of the above and the data for near
surface rocks, the electrical conductivity distribution in
the outer portions of the earth may be represented by the
following: 1) a shallow zone at the surface where the con-
ductivity is predominantly ionic in nature and dependent up-
on intersticial connate water overlying 2) a zone exhibiting
#~Vk)
conductivities on the order of 1.25 x 10-6[ohm-cm]~ and ex-
tending to depths in the tens of kilometers (probably 30 to
70 km) where 3) an abrupt change demonstrates an electrical
discontinuity of approximately 2 orders of magnitude to the
vicinity of 1.25 x 10-4(ohm-cm]~ or less.
Employing the data obtained from the measurements in this
investigation in a similar manner to others (i.e.-assuming
various temperature distributions and plotting the electrical
conductivity as a function of depth), it may be shown that
the conductivity peak areas in the curves of log r vs. 1/T
are of extreme importance in determining the conductivity
distribution. At present, there are no laws or data which
prohibit the occurrence of environmental conditions similar
to the conditions under which the specimens were measured
(except for the effect of pressure and possible surface ef-
fects introduced through coring the specimens). Therefore,
it is conceivable that the partial pressure of the oxygen at
depth may be comparable to a vapor pressure regulated by a
wastite buffer. The plausibility of this is suggested by
the occurrence of both ferrous and ferric iron in many rocks
of deep-seated origin (e.g.-in garnets associated with eclo-
gites). Furthermore, as pertains to the measurements in an
aqueous buffered atmosphere, these conditions may be dupli-
cated in the upper regions of the earth, beginning where in-
sufficient water is present for ionic conductivity to pre-
dominate and penetrating to those depths where the water con-
tent is either essentially "squeezed out" due to the pressure
-I- -~
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or excluded from the materials at depth as they undergo a
phase transformation to higher pressure modifications.
Since the majority of minerals in this investigation ex-
hibited a conductivity peak (even the transparent single cry-
stal of quartz), the importance of this phenomenon is of a
general nature rather than being confined to a specific min-
eral. In many instances, garnets demonstrated conductivity
peaks of various magnitudes even though the chemical composi-
tions were quite similar. Let us suppose that the curve for
garnet #109 is representative of the conductivity of the min-
erals at depth, where the depth is such that essentially no
water is present. In addition, let us assume a two layer
model for the outer portion of the earth: one layer contain-
ing silicates in the presence of an aqueous buffered atmos-
phere; the other containing silicates in a dry buffered at-
mosphere. It is then possible to demonstrate conductivity
discontinuities of various orders of magnitude and at a num-
ber of depths by assuming various temperature distributions
and shifting from aqueous data curves to dry silicate curves.
It may be shown, then, that Cantwell's (1960) 70 km elec-
trical discontinuity may or may not correspond to the Moho
discontinuity, depending upon the temperatures with depth.
Therefore, if the conductivity peaks observed in this in-
vestigation occur in nature, they possess considerable geo-
physical significance.
A Maximum for the Iron Content in the Upper Mantle - It was
mentioned earlier that a comparison of the measured
conductivities of increasing iron content with the conduc-
tivity observed in the upper part of the earthts mantle
should result in an upper limit for the iron concentration.
But, we have seen in the preceding section that, due to peaks
in the conductivity curves, the conductivity in this region
is not dependent upon the iron concentration even though the
overall conductivity curve demonstrates higher values for
greater iron concentrations. Therefore, until the presence
or absence of a conductivity peak is verified for the min-
orals at depth, a maximum for the iron content in the upper
portion of the mantle may not be determined from electrical
conductivity data obtained from geomagnetic field observa-
tions or magneto-telluric sounding techniques.
Conductivity Mechanisms in the Upper Mantle - At present,
there exists a fair amount of disagreement as to the exact
mechanism of electrical conduction in the interior of the
earth. Hughes (1959) attributes the conductivity of the man-
tle to ionic processes while Clark (1957) and Runcorn and
Tozer (1955) suggest that intrinsic semi-conduction is the
predominant mechanism. Coster (1948) found that the elec-
trical conductivity of most rocks could be represented by
two sets of parameters, one with an activation energy of
about 0.7 ev, and the other, appearing at higher temperatures,
with an activation energy on the order of 2 ev, where the
associated constants in the conduction equation were 10-1
to 10-4 and approximately 105 respectively. He suggests
that the first set of parameters may be indicative of
impurity electronic semi-conduction. Hughes (1953) has as-
sociated a; - 10~4- 10-6[ohm-cm]~ and E - 0.5 - 1.0 ev with
impurity semi-conduction, o;- 5 x 101- 10~[ohm-cm]~1 and
E - 2,0 - 3.0 ev with intrinsic semi-conduction, and o -
104- 1010 [ohm-cm]~ and E - 2.8 - 4.0 with ionic conduction.
In his work with crystals of TiO 2 , Cronemeyer (1952) obtained
the values o; - 2.76 x 103 to 8.38 x 104 [ohm-cm]~1 and E -
3.05 - 3.67 ev and places these under the heading of electron-
ic semi-conduction since passing current through the sample
for appreciable lengths of time had no apparent destructive
effect on the electrical properties of the crystal.
The magnitudes of the parameters obtained for the garnets
measured in this investigation suggest that electronic semi-
conduction predominates up to temperatures just below the
melting point. Therefore, for an eclogitic upper mantle say,
ionic conductivity will not become important as the major
conduction mechanism until the temperatures at depth approach
those of the melting point curve. However, the slopes of
the curves in the conductivity peak region indicate that,
upon initial heating, ionic conduction is also in operation
for a small temperature range.
The question arises at this point, should the heating or
cooling curves be taken as representative of the electrical
conductivity in the earth? Possible reasons for differences
in the heating and cooling curves in terms of "freezing-in"
of defects were discussed above. If a phase change is in
operation at the Moho, then one might expect that freezing-in
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of defects might play an important part in the overall con-
ductivity, depending upon whether the phase boundary is
rising or falling. However, since this process occurs in
geologic time, such considerations should be of little con-
cern and the heating curves should be taken as representative
of the actual electrical conductivity.
Therefore, for the outer portion of the earth, the fol-
lowing processes probably determine the electrical conductivi-
ty: 1) in the near surface region of the crust - ionic con-
ductivity determined by abundant pore fluids; 2) in the lower
portion of the crust - impurity and intrinsic semi-conduction;
3) in the basal portion of the crust or upper mantle - in-
trinsic semi-conduction and ionic conduction together (peak
conductivity region); and 4) in the deeper mantle - intrinsic
semi-conduction giving way to ionic conductivity with depth.
CONCLUSIONS - The design of Apparatus II is applicable to
the measurement of A.C. and D.C. conductivities in a con-
trolled atmosphere at elevated temperatures and, as was demon-
strated on both a theoretical and chemical analysis basis, the
atmosphere may be controlled efficiently by a wustite buffer.
Although the majority of specimens measured exhibited an
electrical conductivity peak or a suggestion of a peak, gar-
nets were the only specimens investigated in detail. Experi-
mentation with garnets indicates that conductivity curves
obtained from heating and cooling measurements do not coin-
cide, but a given set of curves may be reproduced exactly
providing another sample from the same specimen is measured
under identical conditions. The presence of an aqueous
vapor phase tends to eliminate the electrical conductivity
peak and suggests that the water vapor in the laboratory
air may be responsible for the absence of the conductivity
peak associated with a sample run in air. Oxidation of the
sample appears to increase the overall conductivity. There-
fore, a buffered atmosphere is an absolute necessity in
measuring rock-forming minerals containing ferrous iron.
For those garnets run in a dry buffered atmosphere, a pos-
sible dependence of the electrical conductivity upon chemical
composition is demonstrated. It appears that the lower tem-
perature conductivities depend upon the concentrations of
FeO and Fe203, the highest temperature conductivities upon
"MgO" (CaO plus MgO as equivalent MgO), and the intermediate
temperature conductivities possibly upon "MgO" and/or "MgO"/
MnO.
Polarization and/or thermo-electric effects become pre-
dominant in the higher temperature regions for many of the
minerals investigated, especially quartz and enstatite. How-
ever, as the iron contents of the minerals increase, these
effects become suppressed to the point of being unobservable.
Corrections were attempted where polarization and thermo-
electric effects occurred and the accuracies of all the
measurements are estimated to be within 10% of the actual
values.
The majority of the curves obtained for log c- vs 1/T
are quite different from those obtained by other investi-
gators and this may be due to the following: 1) a dry sil-
icate run in air produces no conductivity peak; 2) a dry
silicate run in a dry buffered atmosphere yields a conductiv-
ity peak; and 3) a dry silicate run in an aqueous buffered
atmosphere gives no conductivity peak.
If the conductivity peaks observed in this investigation
occur in nature, they may possess considerable geophysical
significance .
Until the presence or absence of a conductivity peak is
verified for the minerals at depth, a maximum for the iron
content in the upper portion of the mantle may not be deter-
mined from geomagnetic field observations or magneto-
telluric sounding techniques.
Finally, on the basis of the magnitudes of the electrical
parameters and the shapes of the curves for log r vs l/T,
the following processes probably determine the electrical
conductivity in the outer portion of the earth: 1) in the
near surface region of the crust - ionic conductivity deter-
mined by abundant pore fluids; 2) in the lower portion of
the crust - impurity and intrinsic semi-conduction; 3) in
the basal portion of the crust or upper mantle - intrinsic
semi-conduction and ionic conduction together (peak conduc-
tivity region); and 4) in the deeper mantle - intrinsic
semi-conduction giving way to ionic conductivity with depth.
TABLE 1. Experimental Conditions Existing During Conductivity Measurements
Specimen Run or D.C. and/or Tmax('C) Apparatus Buffer Remarks
Rerun A.C. I or II
Garnet #104 Run 1
Rerun 1
Garnet #104
Air
Garnet #105
Garnet #106
Garnet #106
Aqueous 1
Garnet #106
Aqueous 2
Garnet #109
Run I
Run 1
Run 1
Run 1
Run 1
Run 1
D.C. and A.C.
D.C.
D.C.
D.C. and A.C.
D.C. and A.C.
D.C.
D.C.
D.C. and A.C.
894
798
877
1030
1042
901
980
973
II Wustite Tube remained
sealed between runs;
II buffer -+- hematite
and magnetite; no
apparent alteration.
II None Run in air.
II Wustite
II Wustite
II Wustite Buffer saturated
with H20 and 2 ml
at ends of tube;
furnace coil failed
at Tmax*
II Wustite H20 as in Aqueous 1.
II Wustite
D.C. 1306 II Wastite
I - I -- - -- -- .' Wr
Hypersthene 1 Run 1
TABLE 1. (continued)
Specimen Run or D.C. and/or
Rerun A.C. Tmax(* C) ApparatusI or II
Enstatite 1
Quartz 1
Hornblende 1
Dunite #Gf 1
Run 1
Run I
Run 1
Run 1
D.C.
D.C.
A.C.
D.C.
Rerun 1 D.C.
1308
1276
1103
II Wustite
II Wustite
II Wustite
1345
1333 I
Fe &
magne-
tite
A.C. oscillator
failed.
Thermocouple failed.
Furnace coil failed.
@ Tmax; sample showed
signs of melting.
Flushed with argon
between runs.
Buffer Remarks
I
TABLE 2. Parameters Extracted from the Plots of Log a- vs. l/T
E - electron volts [as in a- - a; exp (-E/kT)]
a-, - (ohm-centimeters) 1
[d] - difference in c- between forward and reverse measurements
Specimen Run or D.C. or E Line a; Peak Remarks
Rerun A.C.
Garnet #104
Garnet #104
Garnet #104
Garnet #104
Air
Run 1
Run 1
Rerun 1
Run 1
D. C.
A.C.
D.C.
D*C.
1.55
1.32
1.56
5.87x10 3
7.94x101
4.94x103
**
1.02
1.12
0.875
1.69
0.571
0.450
**
2.82x100
9.89x10-1
5.28x100
1.29x10 5
2. 15x10-1
4.20x10-2
8.0x10-5
@ 0.955
[d] Very little.
A.C. peak
approx. same
as D.C.
None
8.8x10-4
@0.900 &
suggest.
@lower T
[d] Very little.
[d] Very little.
Garnet #104 Run 1
Air
A.C. ** A.C. values sli.
higher than D.C.
before peak;
coincide thru
cooling.
TABLE 2.
Specimen Run or
Rerun
D.C. or
A.C.
(Continued)
E Line
Garnet #105 Run 1
Garnet #105 Run 1
Garnet #106 Run 1
Garnet #106 Run 1
Garnet #106 Run 1
Aqueous 1
Garnet #106 Run 1
Aqueous 2
D.C.
A.C.
D.C.
1.19
2.27
1.72
1.41
1 2.01x101 2.1x10-5  [d] Very little.
2 8.32x104 @ 0.963
3 6.04x102
4 1.90x10 1
**
1*20
9.31
0*749
1.07x10 1 6.9x10-6
1.95x1032 @ 0.898
4.42x10-1
A.C.
D.C.
D.C.
1.09
1.31
1.02
1*58
1.22
1.08
2.24x100 suggest.
4.90x100 of peak
8.09x10-1 suggest,
6.43x101 8.3x10 0
1.59x100 @ 0.919
3.07x10-1
Lines thru A.C.
points give same
slopes but
slightly
higher -.,
[d] fair in
high T re-
gion.
A.C. peak co-
incides with
D.C. peak.
[d] Very little.
[d] Very little.
Peak Remarks
TABLE 2. (Continued)
Specimen Run or
Rerun
D.C. or
A.C.
E Line
Garnet #109 Run 1
Garnet #109 Run 1
Dunite #Gf1 Run 1
Dunite #Gf 1 Rerun 1
Enstatite #1 Run 1
Quartz #1 Run 1
Hornblende #1 Run 1
D.C.
A.C.
D.C.
D.C.
D.C.
D.C.
A.C.
1.45
1.37
0.959
0.806
7.16x103  6.6x10-3  [d] Very little.
1.30x102  @ 0.925
1.34x100
1.71x1 1-
4.0x10- 7
@ 1.185 &
8.4x10-8
@0.994
2.58
0.860
1.18
1.94
0.430 1
4.62 2
1 1.09x103
3.29x10- 2 9.8x10-4
3.90x10-1 @ 0.978
1.59x10 2
4.99x10-5
2. 40x10 10
0.662 1 4.87x10 1
A.C. peak
approx. same
as D.C. peak.
[d] extreme in
peak area upon
cooling.
[d] extreme ex-
cept in high T
region.
[d] extreme
above 570* C.
[d] extreme in
high T region.
Essentially one
straight line to
melting point.
Peak Remarks
'Mom
TABLE 2. (Continued)
Specimen Run or
Rerun
D.C. or
A.C.
E Line
Hypersthene #1 Run 1 D.C. 1.15
2.51
1.04
2.67
00919
1.25
1 1.50x10 1
2 1.69x109
3 1.12x10 1
4 2.74x106
5 5.20x10-1
6 6.67x10 1
1.0x10-3 [d] Very little;
@ 0.925 equipment diffi-
culties in high
T region-'- .0
as approx. values.
Peak Remarks
PART II
1I INTRODUCTION
1.1 General
In recent years, many investigations into the nature of
the interior of the earth have been concerned, directly or in-
directly with the electrical conductivity of the earth's crust,
mantle, and core. It is well known to geophysicists that the
numerous laws of chemistry and physics defining the earth's in-
ternal constitution and behavior are inter-related in such a
manner that a discussion of a particular phenomenon is difficult
or even impossible without reference to other contemporary
phenomena. Such is the case of the evaluation of the electrical
conduction properties of the interior of the earth which re-
quires a knowledge of the temperatures at depth, the chemical
composition, data obtained from geomagnetic field observations,
and laboratory measurements of pertinent compounds at high tem-
peratures and pressures. Also, further theory is required to
extrapolate the measurements to the temperatures and pressures
within the earth. This extrapolation demands some knowledge of
the conduction mechanism, which, in turn, requires further
measurements for elucidation.
The temperature distribution within the earth is deter-
mined primarily by the intensity and distribution of heat
sources and, possibly, the residual heat if the earth formed
at high temperatures. Methods employed to obtain the tempera-
tures at depth utilize data from surface heat flow measurements,
2hypothetical distributions of radioactive materials and
their relationships to the thermal history of the earth,
melting-point relationships, seismic data and solid state
theory, and observations of electric and magnetic phenomena
(Verhoogen, 1956).
Temperature determination from electrical conductivity
data, and vice-versa, is possible through the temperature de-
pendence of the conductivity in the minerals comprising the
earth, providing the electrical conductivity and chemical vari-
ation with depth are known and the electrical properties of the
constituent minerals are at hand.
The electrical conductivity of certain portions of the
mantle have been estimated from observed variations in the
earth's magnetic field. Speculations on the chemical composi-
tion are based primarily upon estimates of elemental abundances
in meteorites, the sun's atmosphere, stars, and dust clouds.
The minerals possible at depth must satisfy density and seismic
data, but these are rather insensitive to variations in chemi-
cal composition. Thermodynamic and solid state relationships
limit the chemical composition even further. The electrical
conductivities of a number of these minerals have been measured,
but further work is necessary in order to compare these data
efficiently with the variation of conductivity with depth.
A detailed discussion of the preceding relationships
would be rather voluminous and the reader is referred to Birch's
(1952) work for one of the best discussions and an extensive
bibliography.
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1.2 Previous Investigations
The earliest experimental data on the relationship be-
tween electrical conductivity and temperature for rocks at
high temperatures were obtained by Coster (1948) and were
used by Bullard (1950) to arrive at the first estimates of
the electrical conductuvity of the lower mantle. A more de-
tailed study was made by Hughes (1953), who measured the con-
ductivities of the constituent minerals at temperatures up to
their melting points and, by subsidiary experiments, sought
to determine the nature of the conduction mechanism.
Hughes' experimentation indicated that the conductivity
is given by:
(1.2-1) q - o exp(-B/T)
where o-., and B, are constants which depend upon the material
and type of conduction mechanism in operation. Hughes sug-
gested that these mechanisms are impurity conduction, intrinsic
electronic conduction, and ionic conduction where:
(1.2-2) (a) -impurity -gexp(-E/2kT)
(b) a-intrinsic -o.'exp(-E'/2kT)
(c ) Gionic "U.o"exp (-E "/kT )
with:
E E' < 2E"
and where k - Boltzman's constant and the E's are the activa-
tion energies required to excite an electron or ion to a mobile
Ustate. This accounts for the summation sign in equation
(1.2-1) since all three mechanisms may be in operation at the
same time. However, due to the exponential dependence of the
conductivity on the temperature and the different excitation
energies, a given small temperature interval will generally
exhibit essentially one mechanism with the result that a plot
of log a- vs. l/T will usually give straight line segments
corresponding to the regions in which different conductivity
mechanisms predominate.
Hughes (1953) measured the electrical conductivity as
a function of temperature for olivine (peridot-gem variety),
dunite, synthetic forsterite, and the pyroxenes, enstatite and
diopside, For the different conduction mechanisms, the values
obtained for the constants and the activation energies are
listed in Table I-I. Hughes suggests that the impurity con-
ductivity in the minerals measured is not an important mecha-
nism in the mantle since magnetic observations demand a much
greater conductivity than can be supplied by such a process.
Furthermore, in the vicinity of 9000- 1000'K, intrinsic elec-
tronic conductivity overshadows any contribution from the im-
purity conduction mechanism. At temperatures above 1400 -
1500'K (and at atmospheric pressure) ionic conductivity pre-
dominates.
About the same time as Hughes (1953) was conducting his
experiments, Cronemeyer (1952) was investigating the electrical
and optical properties of single crystals of rutile. While
TABLE I-1. Electrical Conductivity Constants and Excitation
Energies (after Hughes, 1953)
Mechanism Constant 1 , Excitation Mineral or Series
(Al.- m Energy (ev)
-4 -4
impurity 0; - 10 - 10 E - 0.5 - 1.0 Olivine series, Ortho-
pyroxenes
intrinsic 0-' - 1 - 5 E'- 3.O Magnesium-rich olivines
intrinsic -, - 10~' E'- 2.0 Enstatite and diopside
ionic a" - 5 x 10' E"- 3.0 Magnesium-rich olivines
ionic or" - 10* E"- 2.8 Enstatite
ionic -" - 10't E"- 4.0 Diopside
6Hughes* work was directed more along geophysical lines,
Cronemeyer was concerned primarily with the semi-conduction
properties of rutile as applied to the solid-state physics
of semi-conducting materials.
Cronemeyer (1952) has made a number of studies of
single crystals of rutile, which is the first member of the
series TiO. -Ti203 - TiO - Ti, and the data obtained are im-
portant to the discussion of the present investigation. This
series shows a progressive transition from an insulator to a
metal as rutile is gradually reduced. Studies of clear syn-
thetic rutile crystals indicate the possibility of correlating
the high temperature conductivity (E' - 3.05 ev) with the
threshold of optical absorption at low temperatures (E' -
3.03 ev) and with the maximum of the photoconductivity (3.03 -
3.06 ev), resulting in approximately 3.05 ev for the energy
which corresponds to intrinsic electronic conduction as in
equation (1.2-2). E' does not depend on the direction in
which the current is passed through the crystal but the
conductivity varies with the value of o.' , which changes as
in Table 1-2. For pure TiO, log a vs. l/T plots as straight
line segments for the heating curves (no cooling curves are
shown).
Semi-conducting rutile, obtained through reduction with
hydrogen at temperatures slightly under 800 C, exhibits a blue
color from an optical maximum at approximately 1.7 (0.73 ev)
and plots of log a vs. l/T result in approximately 0.68 ev for
-. ~=1~
TABLE 1-2. Directional Dependence of o-. ' and E'
(after Cronemeyer, 1952)
Direction .' E' Temp. Range
cm) (ev) 'K)
Ilto c axis 4.59 x 103 3.05 500*-. 9500
Ito c axis 2.76 x 10 3.05 3500- 850'
Ilto c axis 8.38 z 104 3.67 950*- 1400'
Ito c axis 6.82 x 104- 3.67 850*- 1400
the excitation energy. A theoretical calculation by Crone-
meyer for the ionization of the first electron from an oxygen
vacancy gives 0.74 ev, which is in good agreement with the ex-
perimental results.
Further experimentation with slightly reduced rutile
showed that the A.C. conductivity, measured at 100 cps between
250*C and 500'C, corresponds almost exactly with the D.C.
data. Below approximately 900*C, the conductivity is sensi-
tive to the applied field strength for magnitudes greater
than 10 volts/meter.
Cronemeyer (1952) found that for low fields, the log
a vs. 1/T plot started off at room temperature with a slope
determined by E' - 0.19 ev, leveled off at approximately 80*
C, and, in the vicinity of 160 C, rose again with a steeper
slope. The cooling curve followed an entirely different
curve with greater activation energy and less conductivity.
On reruns, suggested peaks or troughs in the curves almost dis-
appeared and the conductivity became nearly reproducibile in
subsequent heating and cooling cycles. In the case of a high
field strength, it was observed that the cooling curve was es-
sentially a straight line which resulted in a greater overall
conductivity, After being cooled in such a field, the slightly
reduced crystals sometimes exhibited a blue color concentration
at the cathode. Cronemeyer believes that this may possibly be
due to the migration of solor centers (oxygen defects) toward
the negative electrode.
Strongly reduced rutile resulted in an opaque material
which had properties closer to those of a metallic conductor.
This material was actually an n-type, blue-black semi-conduc-
tor with an activation energy of approximately 0.070 ev at
room temperature and a corresponding conductivity in the
100ui'm region.
Finally, it was observed that the initial, overall
conductivities of a number of samples appeared to depend
on the cross-sectional area. Cronemeyer suggests that this
might indicate carrier injection with predominant recombina-
tion at sample surfaces.
Thus far, we have been concerned with the temperature
dependence of the electrical conductivity. However, before
these data may be applied efficiently to geophysical investi-
gations of the interior of the earth, it is necessary to de-
termine how pressure affects these measurements.
Pressure experiments have been carried on by Hughes
(1955,1959), who determined the pressure effect on the elec-
trical conductivity of peridot and corundum, Paul and Pearson
(1955), who found the pressure dependence of the conductivity
of silicon, Long (1956), who investigated the effects of pres-
sure on the conductivities of several semi-conductors, and
Balchan and Drickamer (1959), who studied the effect of pres-
sure on the spectra of olivine and garnet.
The effect of pressure on the ionic conductivity of
peridot was measured by Hughes (1955) and was discussed in
1 0
terms of its influence on the electrical conductivity and
temperature of the earth's mantle. The specimen used was a
small cylinder of peridot 0.35 cm long and 0.17 cm in diameter
(similar in size to the samples used in the present investi-
gation). Experimental difficulties were encountered due to
chemical changes in the apparatus and subsequent alteration
of the sample. However, the final specimen measured gave no
indications of being altered. Three usable runs were made at
temperatures of 1333* K, 1429* K, and 1513 * K. At each temper-
ature, measurements were made at pressures of 1000, 2500, 4000,
5500, 7000, and 8500 kg/cm2 in an ascending and descending
pressure cycle. The two readings at each temperature were
averaged, a straight line relationship assumed, and the pres-
sure effect determined from the slope. The data obtained
from these three runs gave the decrease of the conductivities
with pressure as being (2.9 + 0.9)%, (3.7 + 0.3)%, and (2.3
± 0.6)% per 1000 kg/cm2 respectively. The conductivities
extrapolated to zero pressure were 1.48, 6.9, and 21.3, all
times 10'n cm' . Hughes states that these values satisfy
the ionic semi-conduction equation if a-." = 4 x 10 5 . cm and
El = 2.7 ev since tha magnitudes of these constants indicate
conductivity of an ionic nature. Further, assuming that the
change in the log -. " with pressure is negligible as compared
with the pressure effect on E", he suggests that the measure-
ments indicate that the initial increase of E" with pressure
is 4.8 x 10-' ev/kg/cm.
I-
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Hughes (1959) carried on further work along these lines
by measuring the electrical conductivity of corundum at pres-
sures up to 10,000 bars and temperatures up to 1350*- 1550'K.
He believes that electronic conduction is predominant in
this case and that it decreases with pressure by about 2%
per 1000 bars. This is about half the rate of the decrease
obtained for peridot at relatively higher temperatures, an
effect which Hughes attributes to the higher concentration
of mobile metallic ions in peridot. Extrapolating these
results to the temperatures and pressures in the earth,
Hughes suggests further that the conductivity there is not
electronic as commonly thought, but predominantly ionic.
Paul and Pearson (1955) studied the variation of the
conductivity of high-purity, single crystals of Si as a
function of the applied hydrostatic pressure in the intrinsic
range and interpreted their results to give a decrease in the
energy gap (i.e.-increase in conductivity) between the conduc-
tion and valence bands with pressure. They maintain that a
uniform increase in conductivity with pressure in the intrin-
sic range would give (E'/ap)k - -1'5 x 10~2 ev/dyne/cm 2 (-1.5
x 10 ev/kg/cm2 ) at 250*C and emphasize strongly that this is
true only in the absence of any significant changes in mobility
with pressure.
Further work, along pure solid-state physics lines, was
carried on by Long (1956) when he investigated the effect of
hydrostatic pressures between 1 and 2000 atmospheres on the
12
electrical properties of several different semi-conductors:
germanium, indium antimonide, indium arsenide, gallium anti-
monide, tellurium, and magnesium stannide. For indium anti-
monide, it was found that the energy gap widened with
increasing pressure at a rate of approximately 14 x 10 ev/atm
(14.5 x 1O~'ev/kg/cm 2) and that the electron mobility was
smaller by approximately 12% at 2000 atm. Keyes (1955) found
similar results and also that the hole mobility was not
changed by pressure. Long determined further that the elec-
tron mobility in InAs decreases by approximately 7% at 2000
atm and that there is no such mobility change in GaSb. For
tellurium, the energy gap is smaller by 0.032 ev at 2000 atm
than its value of 0.336 ev at 1 atm and both the electon and
hole mobilities increase with pressure.
The effect of pressure on the spectra of olivine
and garnet was studied by Balchan and Drickamer (1959). It
was found that the absorption edge of olivine shifts to the
red by about 9% of the gap in the pressure range 0 to 150,000
atm (i.e.-the excitation energy decreases by 9%). The Fe
peak in alamandite garnet was observed to shift to higher
energies by 700 cmn in 170,000 atm. The temperature coeffi-
cient of the absorption edge of olivine was also measured at
atmospheric pressure at temperatures up to 327'C. It ex-
hibited a linear red shift of 4.21 x 10~ ev/*C over this
range (3.37 cm~'/*C). Balchan and Drickamer suggest that if
pressure and temperature effects are additive, then the edge
will have moved into the visible portion of the spectrum a
few hundred kilometers under the surface.
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1.3 Purpose of te Present Investigation
Previous investigations by others have indicated that
increasing the proportion of iron greatly increases the elec-
trical conductivity [e.g.-the curves of log o- vs. 1/T of
Coster (1948) show increasing conductivity for increasing
iron content]. However, as pertains to minerals containing
ferrous iron, these measurements have been imprecise due to
the reduction or further oxidation of the iron content as
the sample is heated to elevated temperatures. Theoretically,
this difficulty may be avoided in most instances by control-
ling the partial pressure of the oxygen in the vapor phase in
the vicinity of the sample with a suitable buffer mixture.
The first objective here, then, was to develop such a buffer
mixture by a consideration of the oxidation - reduction phenom-
ena associated with gas-solid equilibria of the sample and its
vapor and, secondly, to design apparatus applicable to the meas-
urement of electrical conductivity in a controlled atmosphere
at elevated temperatures.
Experimental difficulty has been encountered in the
past due to the polarizing effect possibly arising from minor
constituents or impurities in certain minerals. However, the
high conductivity of iron-rich minerals should minimize this
effect. Therefore, a large number of mineral specimens se-
lected for the measurement of electrical conductivity as a
function of temperature are iron-rich. With the aid of A.C.
15
and D.C. measurement techniques, polarization and thermo-
electric effects were examined at each temperature where
the electrical conductivity was measured.
By comparing the measured conductivities of silicates
of increasing iron content with the very low conductivity ob-
served in the upper part of the earth's mantle, an upper
limit to the iron content there should be determinable. The
possibility of such application of the data is examined.
Finally, the results of the conductivity measurements
are discussed in terms of solid-state physics in order to
gain insight into the probable conduction mechanism(s) in
operation throughout the various temperature intervals.
The concluding discussion is devoted to the geophys-
ical significance of the electrical conductivity data ob-
tained.
Ifl;
II REDUCTION-OXIDATION CONSIDERATIONS
2.1 General
To investigate gas-solid equilibria, we require a re-
lationship between the partial pressures of the constituents
in the vapor phase and the oxidation states of the solid com-
ponents. Data for numerous metal-oxide systems have been com-
piled by Darken, Gurry, Muan, Richardson, Jeffes, and others.
Of particular interest is Figure II-1 for the stand-
ard free energy of formation of many metal oxides as a func-
tion of temperature. Darken and Gurry (1953) have modified
the figure from the work of Richardson and Jeffes (1948) and
include scales for the ratios CO/C0 2 , 112/H.20, and p,, , the
partial pressure of the oxygen in the vapor phase. A straight
line through C, H, or 0 in the left hand margin and the cor-
responding scale on the right will determine the relationship
between a particular reaction, the temperature for this re-
action, and the nature of the vapor phase. For example, at
p0' - 10-17 and T - 850 C, the stable form of iron is FeO
since this point lies within the region bounded by the re-
actions:
(2.1-1) 6 FeO + 02 2 Fe304
(2.1-2) 2 Fe + 02 2 FeO
If the p,, is maintained at 10-17 and the temperature is
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lowered to 700 C, the first reaction will be favored in the
forward direction to oxidize FeO to magnetite.
This may also be seen by inspection of the A F -
RT ln p., scale, which results in a decrease in the free
energy, a F, for this case. We recall the phase rule of
Gibbs which defines the condition of equilibrium by the re-
lation between the number of phases existing simultaneously
and the number of components. This is represented by:
(2.1-3) F - C - P + 2
where, for the example under consideration:
C - 2 components (i.e. - Fe,0)
P - 3 phases (i.e. - FeO, 02, Fe or
Fe304 )
and results in F - 1 degree of freedom. From thermodynamics
we have that d F - RT ln po, for pressures on the order of a
few atmospheres or less. If the temperature is the variable,
then the pox is determined by the temperature. Therefore, we
may use changes in the free energy in the same manner as
changes in the partial pressure of the oxygen for future
discussions.
Geologically, the most important elements in the crust
are 0, Si, Al, Fe, Ca, Na, K, and Mg since these constitute
approximately 99% of the total composition and, in the earth
as a whole, Fe, 0, Si, Mg, Ni, Ca, and Al (Mason, 1952). In
the majority of minerals formed from these, all of the elements
exist in their highest oxidation states except for iron, which
- I
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is either in the ferrous or ferric form, or both0 Depending
upon the partial pressure of oxygen but not otherwise upon
the chemical composition (or total pressure, if small) of
the vapor phase, when a representative mineral containing
ferrous iron is heated over a wide temperature range, the
iron may be oxidized or reduced unless its relationship to
the vapor is such that chemical stability exists over the
entire temperature interval.
Referring again to Fig. II-1, we see that if condi-
tions are such that reactions (2.1-1) or (2.1-2) are in
operation but never reach completion due to depletion of
one of the reactants (i.e.-if FeO is always present), then
all of the oxides below this portion of the figure cannot
be reduced. Among these are Si0 2 , A1203, Mg0, CaO, K20,
and Na20* Therefore, if the Fe++/Fe+++ ratio can be held
constant in the sample throughout an experiment involving
large temperature variations, chemical stability should
exist for all components of the common igneous or metamorphic
rock-forming minerals except those containing Ni, Co, etc.,
in which case, oxides of these would be reduced.
Theoretically, the Fe++/Fe+++ ratio can be controlled
by buffering the system so as to give the proper p., versus
temperature relationship. Considerable work has been done on
the action of buffers and the criteria for stability of a
number of minerals by Eugster (1957, 1959) and others and
these investigations will aid us in the problem of ferrous
silicate alteration during high temperature studies.
I
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2.2 The Stability of Fayalite Utilizing a Wustite Buffer
One of the products of Eugster's investigations is the
stability diagram for fayalite at 1 atmosphere pressure as
shown in Fig. II-2. Although the iron in wustite is in the
same state of oxidation as that in fayalite, fayalite is stable
also within the magnetite field and within the field for me-
tallic iron. This is readily understood since the formation
of fayalite from FeO and SiO 2 is an exothermic reaction and
any dissociation consequent to oxidation or reduction of the
iron is thus endothermic. Hence, if the p., of the vapor
phase is regulated so as to maintain the stability of wastite,
the stability of any ferrous silicate is probable. In cer-
tain cases where sufficient data are available, this may be
checked theoretically by a consideration of free energy
changes.
The temperature-composition diagram for the system Fe -
0, as determined by Darken and Gurry (1946), is illustrated
in Fig. 11-3. For a wustite buffer mixture composed of Fe and
Fe304, the reactions to be considered are:
(2.2-1) 3/2 Fe + 02 = 1/2 Fe 3 04
A F - -133,900 + 41.1 T (298* - 833 * K)
log p0. (atm) - -(29,260/T) + 8.980
(2.2-2) 2 Fe + 02 = 2 FeO
a F - - 124,100 + 29.90 T (2980 - 16420 K)
log Po, (atm) - -(27,120/T) + 6.534
T 1000
CL0.
Ew
Atom % oxygen
54 56
Wt. % oxygen
Point *C % 0 pco2/pco Point *C % 0 Peo2/pco Po, (atm)
A....... 1539 Q ....... .560 23.26 1.05
B......... 1528 0.16 0.209 R....... 1583 28.30 1
C........ 1528 22.60 0.209 R'....... 1583 28.07 1
G......... 1400* 22.84 0.263 S........ 1424 27.64 16 2
H......... 1424 25.60 16.2 V...... 1597 27.64 0.0575
......... 1424 25.31 16.2 Y....... 1457 28 36 1
1.........371 23.16 0.282 Z........ 1457 30.04 1
L..........911* 23.10 0.447 Z'...... 30.06
N......... 1371 22.91 0.282
The temperature-composition
the system Fe - 0. (from Darken
1946)
* Values for pure iron.
Fig. 11-3.
diagram for
and Gurry,
__ --- -w-
20
(2.2-3)
(2.2-4)
6 FeO + 02 - 2 Fe304
A F - - 149,250 + 59.80 T (2980 - 1642* K)
log p02 (atm) - - (32,616/T) + 13.068
4 Fe304 + 02 6 Fe 20 3
AF - - 114,000 + 65.9 T (2980 - 1730' K)
log p o, (atm) - - (24,912/T) + 14.400
where A F and log p o2 are linear approximations by
Richardson and Jeffes (1948, 1949) and Norton (1955).
For T - 500'0 K:
(2.2-1') A F - - 113,350 cal
(2.2-2') aF - - 109,150 ". for the reaction.
(2.2-3') dF - - 119,350 " as shown
(2.2-4') AF - - 81,050
or:
(2.2-1") AF - - 226,700
(2.2-2") 4 F - - 54,575 cal/gfw of produc
(2.2-3") A F - - 59,675
(2.2-4") A F - - 13,508
A consideration of A F shows that reaction (2.2-1) is
the most favorable one at T - 500* K for a buffer containing
only Fe and Fe304 initially. In an atmosphere possessing a
p 0 , in excess of the equilibrium value, the formation of
magnetite proceeds until the Fe in the buffer has been de-
pleted or the pa, has been regulated to its value at equilib-
rium. A deficiency in oxygen will drive the reaction in the
reverse direction, thereby supplying the atmosphere with
t
oxygen from the magnetite and, at the same time, increasing
the quantity of metallic iron.
A similar analysis for T - 10000 K results in the
following; reaction (2.2-1) cannot occur; (2.2-2) will
control any excess oxygen; (2.2-3) will correct any de-
ficiency in oxygen; and (2,2-4) will not occur unless the
buffer has been previously oxidized to magnetite.
From Eugster's work we have that wustite is stable
within the stability field of fayalite and that the altera-
tion of fayalite will occur as:
(2.2-5) 3 Fe2SiO 4 + 02 ' 2 Fe304 + 3 SiO 2
or:
(2.2-6) Fe2SiO4 2 Fe + SiO2 + 02
The free energy change for reaction (2.2-5), where
ferrous iron is partially oxidized to ferric iron, is
approximately - 80 kcal at a temperature of 1000* K. The
corresponding buffer reaction (2.2-3) gives - 89 kcal.
Similarly, for the case of reduction to metallic iron, re-
actions (2.2-6) and (2.2-2) result in approximately + 100
kcal and + 94 kcal respectively. Therefore, the buffer mix-
ture will alter before the occurrence of oxidation or re-
duction in the sample and regulate the po, so as to provide
conditions necessary for the stability of the ferrous iron
content of fayalite.
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2.3 The Stability of Solid Solutions
Containing Ferrous Silicates
Fayalite is the other end-member of the solid solution
series beginning with forsterite (Mg2SiO 4 ) and in which there
is complete miscibility between these members. If stability
is guaranteed for the iron-rich end-member (the magnesium-
rich end-member is stable if the ferrous iron is unaltered),
this necessarily holds true for all combinations of the end-
members due to the relationship between the free energies of
formation of these end-members and the change in free energy
associated with mixing.
It is a well known fact that the properties of olivine,
the intermediate member of the above solid solution series,
approach those of an ideal solid solution. Assuming, then,
that olivine belongs in an ideal solid solution, let us con-
sider the mixing energy and its effect on the free energy of
formation of the mixture.
For a binary solution, the free energy of 1 mole may be
expressed by (after Darken and Curry, 1953):
(2.3-1) F - NjfY + N2F2
where: Ni - mole fraction
Fi- partial molal free energy
For an isothermal system:
(2.3-2) F - RT (Njln a1 + N2 1n a2 ) + NF* + N2F2
where N1Fj and N2F2 are the free energies of the components
in the standard states. Since the activity of a component in
an ideal solution is equal to its mole fraction, the free
energy of formation of the solution (i.e.-the free energy
change associated with the entropy of mixing) may be repre-
sented by:
(2.3-3) AFm - RT (NI ln N1 + N2 ln N2 )
For the case of MgFeSi0 4 , this gives AFm M -1*377 kcal.
Since, at a temperature of 1000 *K, AFf Fayalite - -266.8
kcal and A Ff Forsterite - -417.5 kcal, the free energy of
formation of olivine is -342.2 kcal/mole at this temperature
if we disregard the mixing energy. Then the actual free
energy of formation of this mineral from the end-members of
an ideal solid solution is equal to -342.2 kcal plus -1.377
kcal or -343.6 kcal total.
Let us now consider the oxidation or reduction of
olivine as given by:
(2.3-4) 6 MgFe SiO 4 + 02 2 Fe304 + 3 Si0 2 + 3 Mg2SiO 4
or:
(2.3-5) 6 MgFeSiO 4 + 02 2 Fe304 + 6 MgSiO3
and:
(2.3-6) 2 MgFeSi0 4  2 Fe + Si0 2 + 02 + Mg2SiO 4
or:
(2.3-7) 2 MgFeSi04 - 2 Fe + 2 MgSi03 + 02
Then the related free energy changes for the reactions at
1000 K are:
A F - -70 kcal for (2.3-4)
aF - -75 kcal for (2.3-5)
AF - 103 kcal for (2.3-6)
A F - 101 kcal for (2.3-7)
Therefore, upon comparing these values for the free
energy changes with those obtained from equations (2.2-5)
and (2.2-6), we see that olivine is even more resistant to
alteration than is fayalite due to the effect of the entropy
of mixing on the free energy relationships. From this it fol-
lows that, in any ideal solid solution containing an iron
silicate end-member, if chemical stability is guaranteed for
this member, then stability exists also for any intermediate
member of this solid solution series.
In view of the preceding discussions, therefore, it
appears that a buffer of wustite composition will prevent
alteration of ferrous silicates by regulating the po so as to
maintain a chemical potential of insufficient magnitude to
drive the related silicate reaction. Furthermore, we are
dealing with gas-solid equilibria, the reactions rates of
which are dependent upon the surface area exposed to the
vapor phases. Since the buffer mixture is a fine powder with
tremendous surface area as compared to the limited surfaces of
the cored samples, even if the sample reaction possessed a chem-
ical potential somewhat greater than that for the corresponding
buffer reaction, the sample could, in certain instances, remain
unaltered for short periods of time (e.g.-the time required for
conductivity measurements throughout a heating and cooling cycle).
Further discussion of the ability of the buffer to
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extablish conditions of chemical stability in the minerals in-
vestigated is presented along with the section on garnets.
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2.4 Buffer Composition
Since wustite does not exist below approximately 5700 C,
the buffer was prepared as a mixture of metallic iron and mag-
netite so as to produce an oxygen content equal to 23.26% by
weight (point Q on the diagram in Fig. 11-3). It should be
memtioned here that stoichiometric FeO is thermodynamically
unstable at all temperatures and that the maximum iron content
corresponds to Fe0 .9 530 (Darken and Gurry, 1946). Therefore,
the composition determined by point Q should be the proper
choice.
The question arises as to how much buffer mixture is
required that there will be sufficient metallic iron to pre-
vent alteration of the entire volume of buffer to iagnetite
at the lower temperatures. Calculations show that 0.2 gm of
buffer mixture has a metallic iron content approximately 10
times that required when the gas in the furnace tube is composed
of 100% oxygen. Since the tube is flushed with argon gas prior
to each run, the iron is in excess by a factor of about 104.
Therefore, between room temperature and 570* C, reaction (2.2-1)
should regulate the p, so as to produce equilibrium between the
forward and reverse reaction rates, rather than go to completion
and oxidize the entire buffer to magnetite. Above 570' C,
equations (2.2-2) and (2.2-3) demonstrate that the buffer com-
position is not as critical.
-~ I ~-
III EXPERIMENTAL APPARATUS
3.1 General
Two experimental arrangements were employed in this
investigation. Apparatus I provided only D.C. measurements
while Apparatus II allowed both A.C. and D.C. measurements
and minimized a few of the disadvantages and probable sources
of error inherent in Apparatus I.
3.2 Apparatus I
3.21 General
The initial apparatus employed is shown in Figures III-1
and 111-2 and the furnace may be examined in greater detail in
Figures 111-3 and 111-4.
3.22 Furnace Construction
The furnace winding consists of 23 feet of 0.01 inch
platinum wire would externally on a cylindrical high tempera-
ture ceramic core with inside and outside diameters of 1/2
and 3/4 inches respectively and a length of 3 inches. The
heater core is enclosed by a concentric brass cylinder with
a 2 inch outside diameter and the space between is filled
with diatomaceous earth. The brass cylinder (1) is capped at
both ends with pressed asbestos discs (2) and a screw (3) locks
the furnace at any desired position along the vertical rods (4).
- - - - - - -- I
I VTVMI 1 AC Generator
L _ _ _. - _ _ _
APPARATUS'
Fig. III-1. Experimental apparatus.
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Fig. 111-2. Control Box.
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Fig. 111-3. Furnace for Apparatus I.
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at the top of the
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Fig. 111-4. Temperature profile for the furnace of Apparatus I.
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Miniature drill chucks or pin vises (5) hold ceramic
thermocouple rods (6) which pass through small holes in
the asbestos discs into the interior of the furnace. A
spring (7) insures that the thermocouple rods are pressed
against the sample throughout expansions and contractions
of the apparatus. Current for heating the coil, controlled
by the variac, flows through the leads at (8) and gas con-
nections are located at (9). The furnace system is attached
to a thick brass plate (10) and sealed inside a bell jar (11).
Water flowing through the cooling duct (12) prevents the base
from heating and makes it possible to rest the hand on the
bell jar even when the furnace is over 14000 C. The thermo-
couple leads for the upper thermocouple (13) and those for
the lower thermocouple (not shown) are connected to the con-
trol box of Figures III-1 and 111-2.
3.23 Control Box
The circuit diagram for the control box is illustrated
in Figure 111-2 where the switch number 2 refers to 2 positions
(on-off) and the number 3 refers to 3 positions (on-off-on).
The purpose of each switch used for D.C. measurements is as
follows:
(a) galvanometer - galvanometer short circuited
(b) voltage measurement across specimen reverse
(c) thermocouples: upper - lower
(d) potentiometer - battery
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(e) battery polarity reverse
(f) voltage measurement across specimen(on-off)
(g) thermocouple sum
(h) thermocouple sum reverse
(i) thermocouples - decade
(j) polarization check on sample
(k) battery polarity reverse with same direction
for galvanometer deflection
3.24 Other Components
The remaining components in the apparatus include a
1.5 volt dry cell battery, a variac, a decade resistor box
and a decade booster, a shunt box, a potentiometer, and a
galvanometer. The battery voltage is checked frequently for
signs of drain. The shunt box regulates the current flow
through the galvanometer and the decade resistor and booster
are used in the calibration of the galvanometer. The poten-
tiometer is used with platinum - platinum + 10% rhodium
thermocouples in determining temperatures and for some of the
measurements of voltages produced by the specimen.
3.3 Development of Apparatus II
D.C. measurements were made with the aid of apparatus I
and, in the course of accumulating data, a number of questions
arose pertaining to: 1) the presence of water vapor in the
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system; 2) the adsorption properties of the diatomaceous
earth insulation material; 3) the A.C. magnetic field pro-
duced by the heating coil; 4) the volume of gas to be con-
trolled by the buffer; 5) convection currents in the gas;
and 6) the advisability of obtaining A.C. measurements.
Water vapor was observed in Apparatus I in the first
few sample determinations when it condensed on the cooling
duct. A variety of techniques were attempted to remove this
from the system but, in every case, condensation remained
visible. Figure II-1 illustrates that the equilibrium curve
for water lies slightly above that for the equilibrium of
FeO and Fe (i.e.-the partial pressure of the oxygen is slight-
ly higher). When the amount of water is large as compared
with the sample volume and the amount of the buffer material,
both the buffer and the sample should have their iron contents
oxidized to hematite at temperatures of 7000 C or less, pro-
viding the proper relationship between time at these tempera-
tures and reaction rate is attained.
The diatomaceous earth insulation was probably the
source of the water vapor since the flushing action of the
argon gas would not be very efficient in such a medium. In
addition, oxygen adsorbed by this material at low temperatures
would be released gradually as the temperature climbs, thereby
tending to increase the partial pressure of the oxygen which,
in turn, would alter the sample if the capacity of the buffer
were exceeded.
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The approximate volume of the gas in the bell jar in
Apparatus I was 4.9 liters. This volume was rather difficult
to flush with argon due to the geometry of the system and re-
quired a fairly large amount of buffer material.
The geometry of the furnace was such that convection
currents caused gas to rush past the sample, which was located
immediately above the buffer, thereby creating a time lag be-
tween the sample's requirements on the partial pressure of the
oxygen and the buffer's regulation of the same everywhere in-
side the bell jar.
The heating coil of the furnace was not non-inductively
would and resulted in an alternating 60 c.p.s. magnetic field
of approximately 18 oersteds. This could conceivably alter
electrical processes and chemical kinetics,
Finally, the incorporation of A.C. measurements into
Apparatus II should facilitate the interpretation of those
samples which exhibit considerable polarization effects.
Therefore, Apparatus II was devised in such a manner as
to eliminate or minimize the above effects; the heater coil was
wound non-inductively; no insulation material was required in-
side the volume to be controlled by the buffer; convection is
reduced to a minimum due to the horizontal position of the
tube through the furnace; the volume to be controlled by the
buffer has been greatly reduced; the flushing action of the
argon gas is much more effective; and a few alterations in cir-
cuitry now permit A.C. measurements.
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3.4 Apparatus II
3.41 General
The re-designed apparatus is illustrated in Figures
III-1, III-2, III-5, and III-6.
3.42 Furnace Construction
The furnace winding consists of 23 feet of 0.01 inch
platinum wire wound externally and non-inductively on a cylin-
drical alundum core with inside and outside diameters of 7/8
and 1 1/8 inches respectively and a length of 8 1/2 inches.
The heater core is enclosed by a concentric alundum cylinder
with inside and outside diameters of 1 3/8 and 1 3/4 inches
respectively. Both tubes lie along the axis of a 6 inch dia-
meter steel tube and the space between is filled with high tem-
perature insulation material. The steel cylinder (1) (see Fig-
ure 111-5) is capped at both ends with 3/8 inch thick
"Transite" discs (2) and brass rods (3) hold these in position.
The stand (9) for the furnace also supports 2 clamps (8)
which stabilize a recrystallized alumina tube (4). This im-
pervious, high-vacuum tube of interlocking corundum crystals
passes through the center of the furnace and is sealed at
both ends with universal compression seals (5). A combination
of glass T's, rubber tubing, and clamps permit thermocouple
entries (7) and gas flow (6).
The sample holder (Figure 111-6) in the furnace tube
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Fig. 111-5. Furnace for Apparatus II.
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Fig. 111-6. Sample holder in the furnace
tube of Apparatus II.
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is constructed of high temperature ceramic tubes (5) and tool
steel stabilizers (4). Set screws in the steel stabilizers
hold the ceramic rods in position. Thermocouple rods, pushed
together by the spring (3), position the sample at (2) and
allow for expansions and contractions of the sample during the
heating cycle. Thermocouple leads are located at the ends of
the ceramic tubes (6) and the platinum buffer container at (1).
3.43 Control Box
The control box is essentially the same as that in
Apparatus I except for a few minor alterations. These are
the addition of switches (1), (m), (n), and (o), and decade
#1, and the wiring as illustrated in Figure 111-2.
3.44 Other Components
The remaining components include those of Apparatus I,
a vacuum-tube voltmeter, and an audio oscillator.
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IV EXPERIMENTAL PROGEDURE
4.1 Sample Preparation
After numerous mineral specimens were collected, 2 or
3 cores were extracted from each with the aid of a diamond
core drill. This core drill functions in a manner similar
to those in the petroleum industry in that water is contin-
ually circulating the cuttings away from the drilling zone.
The cores obtained had diameters on the order of 0.115 inch
and varied in length. They were then placed into a special
jig and the ends were squared with a diamond saw. After
the diameters and lengths of the cores were measured, they
were ready to be placed into the furnace.
Prior to being installed in the furnace, each sample
was coated on the end faces with a platinum paste made by
Johnson-Matthey & Company of London, England (#758). Con-
siderable care was taken in the application of this paste
to completely coat the ends of the sample and only these faces.
At relatively low temperatures, the volatile component is
driven off, leaving behind a thin film of platinum bonded to
the surface of the sample and to the thermocouples, there-
by insuring good electrical contacts.
4.2 Procedure With Apparatus I
Using Apparatus I, the usual procedure was first to
load the buffer mixture and the sample into the furnace. For
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conductivity measurements, the sample was located as near
as possible to that position in the furnace which exhibited the
least temperature gradient. (The temperature profile for the
furnace is presented in Figure 111-4.) The bell jar was then
sealed to the base plate with stop cock grease and flushed
with argon gas. After the battery voltage, the potentiometer
zero, and the galvanometer were checked, the variac was put
into operation to raise the temperature of the furnace.
Measurements were recorded approximately every 5 minutes and
the variac was adjusted upon completion of each series of
measurements.
In the order of their determination, the quantities
recorded were: 1) the voltages produced by the upper and
lower thermocouples; 2) the galvanometer deflection produced
at the end of 15 seconds by allowing the sample itself to
drive the current; 3) the shunt position; 4) the galvanometer
deflection at the end of the second 15 second interval pro-
duced by the battery driving the current through the sample;
5) the galvanometer deflection at the end of the third 15
second interval produced by the battery with its polarity
reversed; 6) a repetition of 2); and 7) the room temperature.
In most cases, measurements were made during the heating
and cooling of the sample and, in certain instances, one or
more re-runs were made on the same sample.
~~~1~~ 
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4.3 Procedure With Apparatus II
The measurement technique with Apparatus II was
essentially the same as that of Apparatus I. The quantities
recorded were: 1) the sum of the thermocouple voltages; 2)
the galvanometer deflection produced by allowing the sample
to drive the current; 3) the shunt position; 4) the galvanometer
deflection produced by the battery driving the current through
the sample; 5) a repetition of 4) with the battery polarity
reversed; 6) a repetition of 2); 7) the sum of the thermo-
couple voltages; 8) the room temperature; 9) the voltage
reading of the V.T.V.M.; and 10) the sum of the thermocouple
voltages. Occasionally, the voltages of the "upper" and
"lower" thermocouples were recorded separately to be certain
that too large a temperature gradient did not exist across
the sample.
The voltage reading of the V.T.V.M. was approximately
the total voltage across the sample and the decade #1. This
instrument was calibrated in such a manner as to permit the
determination of the sample resistance graphically providing
the sample exhibited a voltage drop of 1.5 volts R.M.S. for
30 C.P.S. The voltmeter was calibrated on a 1.5 volt basis in
order to maintain similar energy dissipation in the specimen
in both A.C. and D.C. measurements.
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V CHEMICAL ANALYSES
5.1 Spectrographic
Major element analyses of the minerals to be measured
were attempted with the aid of the spectrographic facilities
of the Cabot Laboratory. The technique followed was that of
Jaycox (1947), which is essentially the dilution of the pow-
dered sample with CuO to such an extent that, compared with
the quantity of CuO, the elements comprising the sample ex-
ist in trace amounts in the final powder which is to be arced.
This method has been demonstrated to be very satisfactory for
the analyses of numerous ceramic materials. However, the
author obtained erroneous results due to a matrix problem.
This type of difficulty follows from the matrix of the
sample being different from those of the standards. For ex-
ample, garnets were analyzed for Fe, Mg, Si, Ti, Al, Mn, and
Ca. The usual procedure for iron determination in such a case
is to obtain at least two garnets with different known iron
concentrations and to prepare standards of different iron con-
tents by combining various proportions of these. The iron
contents of the spectrographic samples analyzed must be with-
in these limits. The result of this procedure is that the
silicate matrix (individual Si tetrahedra for garnets) will
be the same in both the sample and the standards and,
assuming no interference from the other elements present and
maintaining that arcing conditions are constant, the
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differences in the iron spectra will depend only upon the
variations in iron content. If there exists a matrix
difference, the samples and the standards may or may not
arc in a similar manner (e.g.-the temperature of the arc
is dependent upon the matrix).
However, properly analyzed garnets with sufficient
ranges in iron content were not available and standards were
prepared from oxides of the elements to give approximate
garnet compositions, hence the matrix problem. Furthermore,
this technique would not permit the determination of ferrous
and ferric iron as separate entities. Therefore, wet chemical
analyses were employed.
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5.2 Wet Chemical
Chemical analyses of the minerals to be measured were ac-
complished following the procedure of Shapiro and Brannock
(1956) for the "rapid analysis of silicate rocks". Using
this technique, FeO, total iron as Fe203, MnO, and CaO plus
MgO as equivalent MgO were determined for many of the samples
and the results are recorded in Table V-1. The two silicates,
G-1 and W-1 (see Fairbairn, 1951 and Table V-2) were run
along with the samples as a check on the technique of the
analyst and the accuracy of the results.
A solution of the samples, prepared by the digestion
of the sample with HF and H2SO4 was used for the determination
of total iron as Fe203 and MnO by spectrophotometric methods.
Total iron was determined with orthophenanthroline and MnO as
the permanganate. Additional aliquots of the solution were
taken to determine CaO plus MgO as equivalent MgO with an
automatic titrator using Versene (disodium ethylenediamine
tetraacetate). FeO was determined by titration with K2Cr2O7
after decomposition of a separate portion of the sample with
HF and H2SO4' The latter technique is somewhat questionable
as pertains to FeO percentage composition of the total sample
but yields the relative values in which the author is inter-
ested.
Due to the similarity of compositions, enstatites #2
and #4 were eliminated from the group of samples to be
measured. Such was the case with Dunites C and D.
The fayalite samples #1 and #2 exhibit considerably
more Mn than would be expected and, therefore, a fair amount
of alteration is suspected. On this basis, these samples
were also eliminated.
For possible correlation with the results of the
electrical conductivity measurements, the ratios Fe203/MnO,
FeO/MnO, equivalent MgO/MnO, Fe203/FeO, and Fe203/equiv-
alent MgO were determined and are recorded in Table V-3.
TABLE V-1. CHEMICAL ANALYSES: Rapid Silicate Analyses for Total Iron as Fe203'MnO, FeO, and CaO Plus MgO as Equivalent MgO in per cent by Weight
* () Average
' One instead of two readings on spectrophotometer
Specimen Total Fe MnO FeO Equiv. MgO
as Fe20 3
G - 1
W- 1
Garnet #102
Garnet #103
Garnet #104
1.78
1078
(1.8)*
11.02
11.02
(11.0)
32.09
32.13
(32.1)
37.38
37.38'
(37.4)
37.76
37.85
(37.8)
0.025
0.025
(0.03)
0.204
0.204
(0.20)
12.96
12.55
(12.8)
0.846
0.824
(0.84)
0.866
0.848
(0.86)
8.36
8.28
8*42
(8.4)
24.83
26,07
(25.4)
30,94
31.95
(31,4)
31.60
31.80
(31.7)
1.34
1.27
(1.3)
14.13
14.24
(14.2)
3030
3.21
(3.3)
5.51
5.46
(5.5)
5.45
5035
(5.4)
(Continued)
Specimen Total Fe
as Fe203
Mno FeO Equiv. MgO
Garnet #105
Garnet #106
Garnet #106
Redox
Garnet #107
Garnet #109
Garnet #112
Garnet #114
34.95
34.91
(34.9)
35.21
35.27
(35.2)
37.97
37.97
(38,0)
40.29
40.29
(40.3)
8.97
8.97
(8.9)
0.73
0.73
(0.73
0.920
0.929
(0.92)
0.789
0.814
(0.80)
0.668
0.668
(0.67)
0.171
0.177
(0.17)
0,204
0.200
(0.20)
0.034
0.034
(0.03)
30.18
29.70
(30.1)
30.42
30.64
(30.6)
31.20
31.99
(31o6)
30.46
(30.5)
33.81
34.02
(33.9)
1.99
(2.0)
7,04
7*00
(7.0)
4.35
4.22
(4.30)
4.96
4,95
(5.0)
3.90
3.90
(3.9)
24.28
24.36
(24.3)
0.0
(0.0)
TABLE V- 1.
(Continued)
Specimen Total Fe
as Fe203
MnO FeO Equiv. Mg0
Garnet #115
Enstatite #1
Enstatite #2
Enstatite #4
Hypersthene #1
Dunite C
Dunite D
1.41
(1.4)
25.01
25*00
(25.0)
0.232
0.225
(0.23)
0.068
0.049
(0.06)
0.054
0.054
(0.05)
0.200
0.197
(0.20)
00344
0.393
(0.37)
3.72
3.72
(397)
10.60
10.60
(10.6)
10.52
10.50
(1005)
9.81
9.75
(9.8)
19.59
19.59
(19.6)
8.45
8.45
(8.5)
8.30
8*36
(8.3)
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TABLE V-1. (Continued)
Specimen Total Fe
as Fe203
MnO FeO Equiv. MgO
Dunite G (Cf 1&2) 7.65
7.65
(7.7)
Fayalite #1
Fayalite #2
Hornblende #1
50.38
50.75
(50.6)
50.03
50.03(50.0)
29.56
29.56
(29.6)
0.110
0.104
(0.11)
2*26
2.27
(2.3)
2.35
2.34
(2.3)
1.09
1.09
(1,1)
Table V-2. Results obtained by rapid and
conventional analysis of two carefully
studied rock samples. (from Shapiro and
Brannock, 1956)
[Results shown for conventional method are averages of results obtained by five analysts in another labora-
tory of the Geological Survey. The samples used are described by Fairbairn and others (1951).]
SiO 2 -.----.---.--
A1203 ..- . ----------
FcO --------------
FC20 3 --------------
TiO 2-------....
MnO -----..--.---
P2 0 5 --...--.-..--.
Cao------.._-...
NIgO---------------
Na 20. --.--.-....
K20.-------------
H20----------------
C02--------------
Sum-------------
Total Fe as
Fe2Oa-------
Granite (G-1) -
Rapid
1 2 Av.
72.4 72.5 72.4
14.7 14.3 14.5
.97 .94 .96
.84 .87 .86
*.23 .24 .24
.02 .02 .02
.08 .07 .08
1.3 1.4 1.4
.34 .28 .31
3.3! 3.3 3.3
5.4 5.4 5.4
.30 .32 .31
.10 . 12 .11
---------.- 99. 9
1.8 1.8 1.8
Con-
ven-
tional
72. 5
14. 3
.95
. 84
. 25
. 03
. 09
1.3
.36
3.3
5.5
.34
.07
Diabase (W-1)
Rapid
1 2
52.7 52.7
15.3 14.9
8.8 8.8
1.2 1.4
1.0 1.1
.18 .20
.17 .16
10.8 10 .6
6.5 6.7
2.2 2.1
.66 .62
.52 .56
.07 .05
------ -----
10. 8 11. 0
Av.
52. 7
15. 1
8.8
1.3
1.0
. 16
10. 7
6.6
2.2
.64
.54
. 06
100. 0
10.9 -
Con-
ven-
tional
52. 6
15. 2
8.7
1.4
1. 1
. 16
. 15
10.9
6.6
2. 1
. 66
.59
S.05
Ratios of the Oxides from Rapid Silicate Analyses
Specimen "F "* O"F " "
Garnet #102 2.51 1.98 1.26 0.258 9074
Garnet #103 44.5 37.4 1.19 6.55 6.80
Garnet #104 44.0 36.9 1.19 6.28 7.00
Garnet #105 38.0 32.8 1.16 7.61 4.98
Garnet #106 44.0 38.2 1.15 5.38 8.19
Garnet #107 56.7 45.5 1.25 7.46 7.60
Garnet #109 237.0 199.0 1.19 23.0 10.3
Garnet #112 45.0 10.0 4.50 122. 0,370
Garnet #114 24.4 0.0 -
Garnet #115 16.1 6.09 2.64 109. 0.148
Hypersthene #1 53.0
Dunite G 70.0
Hornblende #1 26,9
* "Fe203 " - Total Fe as Fe203 ; "MgO"plus CaO as Equivalent MgO
TABLE V-3. *
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VI GARNET SEQUENCE
6.1 General
Since one of the goals of this investigation is to
obtain data applicable to the study of the earth's interior,
the choice of garnets for study is evident. These, with
pyroxenes in eclogite, may well be the principal constituent
of the upper mantle and, furthermore, extremely little has
been published on their electrical behavior and nothing on
their geophysical consequences.
The eclogite facies, omphacite-garnet, is developed in
gabbroic rocks, and certain types of these rocks are believed
by some to be fairly representative of the mineralogical
constitution of the earth at depths. Turner and Verhoogen
(1951) demonstrate the chemical equivalence of olivine gabbro
and bimineralic eclogite with the aid of the equation:
(6.1-1) 3 CaAl2Si2O8 + 2 NaAlSi3O8 + ,3 Mg2,SiO4,
Labradorite Olivine
n CaMg(Si03 )2  2 NaAl(SiO3 ) 2 + n CaMg(Si0 3 )2
Diopside Omphacite
+ 3 CaMg 2Al2 (Si0 4 )3 + ,2 Si0 2 ,
Garnet Quartz
Certain properties and occurrences of eclogite suggesL
intrusive or bectonic transport from depths (Turner and Ver-
hoogen, 1951). The high density of eclogite (2.9 - 3.1) and
the high specific gravities of accessory minerals such as
r5r5
'O
rutile, kyanite, and diamond suggest initial conditions of
high pressure. There is a constant presence of pyroxene,
but the lack of silicates with an OH group. Finally, eclo-
gites show a high susceptibility to retrograde metamorphism
as compared with other mineral assemblages. Therefore, Turner
and Verhoogen believe that eclogites may possibly originate
in the outer part of the mantle, where only basic or ultra-
basic material is present.
Lovering (1958), in his investigations into the nature
of the Mohorovicic Discontinuity, made studies of eucritic
achondrites. He demonstrates that an eclogitic composition,
similar to that obtained by Turner and Verhoogen, may be de-
rived from meteoric constituents.
Therefore, garnets and omphacites require conductivity
investigations as they may produce a clue to the nature of
the internal constitution of the earth.
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6.2 Mineralogy
The garnet group (see Dana, 1951 and Kraus, Hunt, and
Ramsdell, 1951) includes those minerals in the isometric
crystal system with the general formula R3++R2+++(S104)3
where R++ - Ca, Mg, Fe++, or Mn and R+++ - Al, Fe+++, Cr,
or Ti+++. Ti may also replace Si in part.
X-ray studies show that garnets are composed of individ-
ual silicate tetrahedra, coupled in such a manner as to pro-
duce dodecahedral and trapezohedral crystal faces. The Si04
tetrahedra are independent of each other ; the R+++ atoms lie
in the center of a group of six oxygen atoms and the R++ atoms
in the center of a group of eight oxygen atoms (Dana, 1951).
The different garnet varieties have slight to consider-
able miscibility with each other and are:
Grossularite Ca3Al2 (SiO4 )3
Pyrope Mg3Al2 (SiO 4)3
Spessartite Mn3Al2 (SiO4 )3
Almandite Fe3Al2 (SiO4)3
Uvarovite Ca3Cr2 (SiO 4 )3
Andradite Ca3Fe2 (SiO4 )3
Their hardnesses range from 6.5 to 7.5, their specific
gravities from 3.4 to 4.3, and their colors are red, brown,
yellow, green, black, and sometimes white or colorless.
U --
6.3 Experimentation
6.31 General
Garnets were chosen on the basis of color and specific
gravity to give a fairly wide range of values for the iron
contents. The specimens were then examined macroscopically
for twinning, fractures, homogeneity, and massiveness or
crystallinity. These are listed in detail in Table VI-1.
Samples were cored from these specimens and prepared for
conductivity measurements as in the section describing sample
.preparation, the remainder of the specimens being retained for
wet chemical analyses. Quantitative analyses were then made
by the "rapid silicate method" (Shapiro and Brannock, 1956)-
and the results are recorded in Table V-1.
Conductivity measurements were made on the specimens
at temperatures up to their melting points and under various
conditions. Some of the measurements were performed using
Apparatus I, which employed a furnace heating coil that was
not non-inductively wound, while those made with the aid of
Apparatus II were carried out under non-inductive conditions.
Different buffer mixtures were used and, in certain instances,
the measurements were made in air for comparison purposes. The
pertinent data for the conditions under which these measure-
ments were obtained may be examined in Table VI-2.
The conductivity data for the garnet sequence is il-
lustrated by plots of log a vs. 1/T in Figures A-I through
TABLE VI-1. Macroscopic Properties of the Garnet Sequence
Garnet Properties
#102 Penetration twinning; homogeneous; no
alteration.
#103 Single crystal; well developed crystal faces;
homogeneous; no alteration.
#104 Same as #103 .
#105 Single crystal; well developed crystal faces;
fairly homogeneous; weathered surface.
#106 Same as #103
#107 Same as #103
#109 Repeated twinning striations; possible in-
ternal fractures; fairly homogeneous; no
alteration?
#112 Massive; fairly homogeneous; no alteration?
#114 Massive; probably not too homogeneous; no
alteration?
#115 Massive and crystalline; multiple twinning
striations; fairly homogeneous.
TABLE VI-2. Experimental Conditions
of the Garnet Sequence
Existing During Conductivity Measurements
Specimen Run or D.C. and/or Imax(*C) Apparatus Buffer Remarks
Rerun A.C. I or II
Garnet #1 Run 1
Rerun 1
Garnet #1-
Air
Garnet #3
Run 1
Rerun 1
Run 1
Rerun 1
Rerun 2
D.C.
D.C.
D.C.
D.C.
D.C.
D.C.
D.C.
1100
655
878
912
910
937
1104
I Fe 30 4  CaCl 2 at base of
bell jar; did not
I "open furnace be-
tween runs; pre-
heated empty fur-
nace while argon
flowing; slight
melting at nax in
run 1- glossy
black surface on
completion.
I None
I 0.241
gm Fe
I per gm
I Fe 3 0 4
Run in air.
Flushed with argon
between runs; same
buffer throughout
runs,
Garnet #102 Run 1 D.C. and A.C. 910 II Wustite Thermocouple failed
at Tmax.
TABLE VI-2. (Continued)
Specimen Run or
Rerun
D.C. and/or Tmax(*C)
A.C.
Apparatus
I or II
Garnet #103 Run 1
Garnet #104 Run 1
Rerun 1
Garnet #104 Run 1
Air
Garnet #105 Run 1
Garnet #106 Run 1
Garnet #106 Run 1
D.C. and A.C.
D.C. and A.C.
D.C.
D.C.
D.C. and A.C.
D.C. and A.C.
D.C.
1011
894
798
877
1030
1042
901
II Wustite No apparent altera-
tion.
II
II
Tube remained
sealed between runs
buffer - hematite
and magnetite; no
apparent alteration
II None Run in air.
II Wustite
II waTstite
II Wustite Buffer saturated
with H20 and 2 ml
at ends of tube;
furnace coil failed
at Tmax'
D.C. 980 II Wustite H20 as in Aqueous 1
Buffer Remarks
Garnet #106 Run 1
TABLE VI-2. (Continued)
Specimen Run or
Rerun
D.C. and/or Tmax('C)
A.C.
Apparatus Buffer
I or II
Garnet #107 Run 1
Garnet #109 Run 1
Garnet #112 Run 1
Garnet #114 Run 1
Garnet #115 Run 1
D.C. and A.C. 1028
D.C. and A.C. 973
D.C. and A.C. 1001
D.C. and A.C. 924
D.C. and A.C. 1067
II Wastite No apparent alter-
ation.
II Wustite
II Wustite
II Wustite
II Wustite
Ends of sample
uneven.
Ends of sample
uneven.
Remarks
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A-31 in the Appendix. Inspection of these graphs and the
corresponding compositions of the various garnets shows that
similar compositions result in similar conductivity plots,
providing measurements were carried out under the same con-
ditions. All garnets measured in an atmosphere controlled
by the wustite buffer in Apparatus II exhibit a discontinuity
at approximately 570* C and a conductivity peak or a suggestion
of a peak at approximately 800* C. The values of the con-
ductivities decrease for a short range of temperatures after
the peak temperature, then increase, apparently asymptotic
to a line determined by extremely large values for a-. and E.
The cooling curves in-each case tend to be straight lines
as well as the heating curves in the region below 5700 C.
Upon reheating, both the heating and cooling curves corres-
pond rather closely to the initial cooling curve providing
the maximum temperature in the initial run is not exceeded.
In view of the discontinuity at 5700 C in all of the
above conductivity plots, let us assume that there may be
irreversible processes (chemical, electrical, and/or structural)
in operation in the higher temperature region. Then, since
the excitation energy E and the constant o.probably change
with these effects, several straight line segments have been
fitted to the plots of log 0 vs. 1/T. The vertical line in
these plots is located at 570* C.
Since conductivity peaks of the magnitude observed in
this investigation were not encountered in earlier studies by
others, a discussion of this phenomenon is in order. At
first, it may seem unlikely that such curvature may be
readily explained other than to attribute it to some pe-
culiarity of the apparatus or property of the garnets. How-
ever, if we consider the possibility that, in certain regions
of the data plot, the excitation energy changes rather rapidly
with the temperature, a curve could result in the plot espec-
ially in the case where measurements have been made at fairly
large temperature intervals as compared with the temperature
interval required for an observable change in E. On the other
hand, if we maintain that the excitation energy remains con-
stant, we may still encounter curvature in regions of the
plot where there is an increase in the number of charge
carriers, possibly in the region of a structural or chemical
change. In particular, if the heating rate were such that
dynamic rather than equilibrium conditions prevailed through-
out a run, a phase transition (a bond-breaking process) could
conceivably begin at a given temperature and yet not complete
the process until the system had attained a temperature far
beyond that for the transition under conditions close to
those for equilibrium. In such a case, the process of re-
arrangement of ions would greatly increase the potential
number of charge carriers throughout this temperature region.
Therefore, the possibility of conductivity peaks, as well as
straight line segments, should not be ruled out. This dis-
cussion will be continued later after the introduction of
additional data.
As parameters of possible value in the interpretation
of the data, the following quantities have been extracted from
the graphs: 1) the excitation energy E and the constant a;
as determined from the slopes and intercepts of the straight
line segments; 2) the peak conductivities of certain curved
portions and the associated temperatures; and 3) the differ-
ences in conductivity values as determined by passing current
through the sample in the forward and reverse directions (see
Table VI-3).
6.32 Comparison of Results from Apparatus I and Apparatus II
At this point, it might be well to consider Figures
A-5 through A-7 and A-11 through A-13 for garnets #3 and # 104.
Both garnets were obtained from the same specimen, but #3
was measured with Apparatus I and #104 with Apparatus II.
Garnet #3 exhibits remarkable correspondence between heating
and cooling curves on the initiial run and subsequent runs,
expecially in the high temperature region, while #104 produces
a plot similar in characteristics to others measure with
Apparatus II. Since the main differences between the two
systems are that water condensed in Apparatus I, while Appar-
atus II was essentially free from water and had a non-induc-
tively wound furnace coil, are the differ'ences between the con-
ductivity plots due to: 1) the effect of water on the chemical
nature of the sample or on rate processes; 2) magnetic effects
associated with the coil windings; 3) chemical alteration
TABLE VI-3. Parameters Extracted from the Plots of Log o- vs. 1/T .for the
Garnet Sequence
E - electron volts [as in o- o-.exp(-E/kt)]
a-. (ohm-centimeters )~l
[d] - difference in a- between forward and reverse measurements
Specimen Run or D.C. or E Line 0-0  Peak Remarks
Rerun A.C.
Garnet #1
Garnet #1
Garnet #1
Air
Garnet #1
Air
Garnet #3
Run 1
Rerun 1
Run 1
D.C.
D.C.
D.C.
Rerun 1
1.52
0.649
1.33
10.45
0.535
0.377
0.471
0*549
0.462
1.72 1
0.613 2
5.58x10 3
1. 41x10 1
1. 18x10 2
2.62x10 3 7
3.50x10 0
1. 17x10-1
1.08x10 0
3.68x100
1.25x10
1.30x10 5
5.58x10-2
0.549 1 1.79x10-2
Run 1 1.18
1.36
00889
2.74x101
9.29x10 1
1.06x100
None
[d]Very little
[dIVery little
[d]Very little
[d]Very little
[dIVery little
TABLE VI-3. (Continued)
Specimen Run or
Rerun
D.C. or
A.C.
E Line
Garnet #3
Garnet #3
Garnet #102
Rerun 1
Rerun 2
Run 1
D.C.
D.C.
D.C.
1.39 1 1.60x10 2
1.37 1
2.78 2
1.26x10 2
5.97x10 7
None
None
6.5x10~4
@0. 926
& suggeqt.
2.6x10-
@1.098
[d]Very little
[dIVery little
except below
5700 C.
[d]Little
Garnet #102 Run 1
Garnet #103 Run 1
Garnet #103 Run 1
A.C.
D.C. 1.41
3.61
1.41
1.23
A.C.
6.3x10-4
@0.965
& suggeqt.
2.8x10l-
@1. 100
4.38x10 2 1.2x10-4 [d]Very little
4.14x1010 @0.913
9.31x101
1.31x10 1
1.1x10-4 A.C.values
@0.930 lower than D.C. on high
T side of peak.
Peak Remarks
(Continued)
Specimen Run or
Rerun
D.C. or
A.C.
E Line
Garnet #104
Garnet #104
Garnet #104
Garnet #104
Air
Run 1
Rerun 1
Run 1
Run 1
D.C.
A.C.
D.C.
D.C.
1055
1.32
1.56
**
1002
0.875
1.12
1.69
0.571
0.450
5.87x10 3
7.94x101
4. 94x103
8.0x10-5
@0.955
**
2.82x100
5.28x100
9.89x10-1
1. 29x10 5
2.15x10-1
4.20x10-2
None
8.8x10~ 4
@0.900
& suggest.
@ lower T
[d]Very little
A.C.peak
approx. same
as D.C.
[diVery little
[d]Very little
Garnet #104
Air
Run 1
Garnet #105 Run 1
A.C.
D.C.
**
1.19
2.27
1.72
1.41
**
2.01x101
8.32x10 4
6. 0 4x10 2
1.90x10 1
2. 1x10-5
@0.963
A.C. values
sli. higher
than D.C. be-
fore peak;
coincide thru
cooling
[d]Very little
Peak Remarks
TABLE VI-3.
TABLE VI-3. (Continued)
Specimen Run or
Rerun
D.C or
A.C.
E Line
Garnet #105 Run, 1 A.C. ** ** Lines thru
C. points
give same
slopes but
higher <r.
Garnet #106 Run 1
Garnet #106 Run 1
Garnet #106 Run 1
Aqueous 1
Garnet #106 Run 1
Aqueous 2
Garnet #107 Run 1
D.C.
A.C.
D.C.
D.C.
D.C.
1020
9.31
0.749
1022
1.08
5.67
1.23
0.901
1.071101 6.9x10-6
1.95x1032 @0.898
4.42x10-1
2.24x100
4. 90x100
8.09x101
6.43x101
1. 59x100
3.07x10-1
3.94x10 1 8
2.37x10 1
6.25x10-1
suggestion
of peak
suggest jon
8@.3x1-
@00*919
[d~f air in
high T region.
A.C.peak coin-
cides with D.C.
peak.
[d]Very little
[diVery little
3.9x10-5
@0 . 960
Peak Remarks
A.
sli.
TABLE VI-3. (Continued)
Specimen Run or
Rerun
D.C. or
A.C.
E Line
Garnet #107 Run I
Garnet #109 Run 1
A.C.
D.C.
5.30
1.25
0.903
1045
1.37
0.959
0.806
1.85x1017
3.32x101
7.33x10-1
7.16x10 3
1. 30x10 2
1.34x100
1. 71x10-1
5.5x10-5 A.C. values
@0.960 sli. higher
than D.C.;
peak not well
defined.
6.6x10-3 [d]Very little
@0.925
Garnet #109
Garnet #112
Garnet #112
Garnet #114
Run 1
Run 1
Run 1
Run 1
A.C.
D.C.
A.C-
0.707
1.48
0.487
**
7.40x10-2 3.7x10-5
4.85x10 1  @0.950
5.89x10 3
**
D.C-
A.C. peak
approx. same
as D.C. peak.
[dIVery little
A.C. peak coin-
cides with D.C.
peak.
Rapid, extreme
drift of galv.
deflection at
high T.
Peak Remarks
TABLE VI-3. (Continued)
Specimen Run or
Rerun
D.C. or
A.C.
E Line
Garnet #114
Garnet #115
Garnet #115
Run 1
Run 1
Run 1
A.C.
D.C. 1.79
1.27
0.600
2.53x10 4
3.21x10- 1
3. 47x10-4
2.8x0-5
@0*955
A.C.
A.C. values
lower than
D.C. by factor
of 3 at worst.
[d]little in
high T region.
A.C. peak coin-
cides with D.C.
peak.
Peak Remarks
through oxidation or reduction of cations; or 4) other effects?
The ideal procedure would have been to continue using the
same specimen, but sufficient material was not available. There-
fore, further investigations were carried out with garnet
#106.
6.33 Changes in Conductivity Due to the Presence of an
Aqueous Vapor Phase
In order to investigate the effect of water vapor in
the system on the values obtained for the electrical conduc-
tivities, a sample from garnet #106 was prepared and placed
in the furnace as in previous measurements but, in this case,
the buffer was saturated with Water and approximately 2 ml of
water was introduced into the ends of the gas-tight tube. The
tube was partially sealed, flushed with argon gas for 10 min-
utes, and then completely sealed for conductivity measurements.
Due to failure of the furnace coil at the maximum temperatures
in this run, a second sample was measured in order to determine
the nature of the cooling curve. The results of these runs
are plotted in Figures A-20 and A-21. It is to be noted that
the aqueous runs give almost identical curves and that the con-
ductivity in the peak area is less by approximately one order
of magnitude than that of the normal run in Figure A-18. Aqueous
run #2 agrees well with the normal run in the temperature region
above the peak area but does not show the same separation of
points at a given temperature.
Therefore, water vapor reduces the conductivity in
the conductivity peak region and prevents the separation of
points (from measurements in the forward and reverse direc-
tions) in the high temperature region. Furthermore, there
is little difference between the initial slopes of the dry
and aqueous runs in the region below 570* C, illustrating
that an aqueous vapor has little effect in this region.
6.34 Efficiency of the Buffer in Preventing Sample Alteration
A large sample from garnet #106 and approximately 0.2
gm of buffer mixture were placed in the furnace, which was
then flushed with argon gas for 15 minutes. The furnace
tube was sealed and heated to 800* C in 1.3 hours. The tem-
perature was maintained between 800* and 826' C for 5 hours,
whereupon, it was gradually decreased, the entire heating
and cooling process requiring about 8 hours. Sebsequent wet-
chemical analyses demonstrated the ferrous iron content
to be very close to those values for #106 in Table V-1, there-
by confirming the fact that the buffer is efficient in pre-
venting significant oxidation or reduction of the ferrous
iron content in this garnet for periods of time of at least
8 hours (the approximate length of time required for a run)
at elevated temperatures.
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6.35 Changes in Conductivity due to Sample Oxidation
An initial run and a rerun, under conditions of a
buffered atmosphere, were made on garnet #104 (Figures
A-11 through A-13). Following these, a third run was made
with air passing through the furnace tube at a rate of ap-
proximately 100 cc per minute (Figures A-14 and A-15). The
most striking difference between these curves is the increase
in conductivity upon cooling for the oxidized sample. Fur-
thermore, the conductivity as a whole for both heating and
cooling curves is greater when the specimen is run in air.
Garnet #1 (Figures A-1 through A-4), which was also run in
air, shows a similar increase in conductivity between the
heating and cooling curves. The subsequent rerun of garnet
#1 in air demonstrates further that the major part of the
alteration occurred during the initial run. The similarity
of the heating curves for this specimen run in air and the
curve for the same specimen run in a buffered atmosphere
demonstrates that Fe304 had no buffering effect and that
both runs indicate oxidation of the sample.
The effects of oxidation might have been anticipated
if one were familiar with the work of Engelhard (1933, as in
Mott and Gurney, 1953) and others on Cu20. Experiments
performed by Engelhard (1933) and Juse and Kurtschatow (1933,
as in Mott and Gurney, 1953) show that the conductivity of
Cu20 increases with increasing oxygen content. Engelhard
carried out further measurements for the Hall effect and
found that the current was being carried by positive holes,
thereby making the material a defect conductor.
Therefore, we see that a buffered atmosphere is an
absolute necessity in measuring conductivities of the rock-
forming minerals containing ferrous iron and that any con-
ductivity measurements obtained in air may tend toward values
that are excessively large.
6.36 Dependence of the Electrical Conductivity upon
Chemical Composition
The conductivity plots of the garnet specimens (see
Figures A-8 through A-31) were compared and Tables V-1, V-3,
and VI-3 were examined in order to determine the dependence
of the electrical conductivity on chemical composition.
For all the garnet specimens as a group which were
run in an atmosphere buffered with wustite in Apparatus II,
the slopes of the initial heating curves in the region below
5700 C do not appear to depend upon the abundance of any par-
ticular element in Table V-1 (e.g.-there are no trends in the
magnitudes of the excitation energies (E) or the constants
(o) with the percent by weight of ferrous iron oxide). How-
ever, with the exception of garnet #112, the magnitudes of the
tabulated excitation energies suggest that "Fe203 "/FeO may be
important since these increase with this ratio. In this case,
the comparison of the garnet specimens should probably be
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made only on the basis of garnets #103 through #107 since
we do not know the effects of twinning, the degree of
crystallinity, and other differences listed in Table VI-1.
Using these specimens only, E and a-, increase with increasing
FeO and Fe203 (actual) contents respectively. Other chemical
oxides or ratios show no trends.
Between 5700 C and the maximum temperatures, each con-
ductivity plot exhibits a peak and then a decrease in the
conductivity before a final rise beginning in the temperature
region 10400- 1210' K (i.e.- 1/T - 0.96 to 0.83). There is
no apparent correlation of the magnitudes of the conductivity
peaks or the temperatures at which there peaks occur with
the tabulated chemical data except for a possible dependence
of the temperature at which the peak occurs in specimens #103
through #107 on the ratios "MgO"/MnO.
Upon cooling, the curves become well-defined straight
line segments. When the first straight line segment of each
garnet cooling curve is compared with the chemical data, it
becomes evident that, on the basis of garnets #103 through
#107, there is a correlation of E and o.with the "MgO" con-
tent (i.e.-E and o. increase as the concentration of MgO
and CaO as equivalent MgO increases). The ratio "Fe203 "/"Mg0"
shows the opposite trend but the nature of this is probably due
to "MgO"
Further cooling produces new straight line segments in
certain instances. For those lines passing completely
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through the conductivity peak region or beginning in this
region and extending to lower temperatures, there is a possible
dependence of E on the "MgO" content,
Therefore, it appears that the lower temperature
conductivities depend upon the concentrations of FeO and
Fe203 (actual), the highest temperature conductivities upon
"MgO" content, and the intermediate temperature conductivities
possibly upon "MgO" and/or "MgO"/MnO.
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VII ENSTATITE-HYPERSTHENE SERIES
7.1 General
Since enstatite (MgSiO3 ) and hypersthene (FeSi03)
may be representative of the earth's mantle, the electrical
conductivities of these minerals were measured. That ensta-
tite and hypersthene may predominate in certain portions of
the earth is a plausible hypothesis. It is generally ac-
cepted that the molten core of the earth is iron or a mixture
of iron and nickel and Gutenberg (1951) suggests that the
sialic portion of the crust is approximated rather well by
a granodioritic composition. Therefore, for a layered earth
formed by the differentiation of the chemical components,
the siliceous constituents of the crust grade downward
(except for chemical discontinuities) into silica-deficient,
iron-rich material in the vicinity of the core-mantle boundary.
On this basis, then, a mineral such as hypersthene should be
more important in the upper regions of the earth, whereas
fayalite (Fe2Si0 4 ) should become more predominant with depth
as the ratio Fe/Si increases.
7.2 Mineralogy
Enstatite and hypersthene are members of the pyroxene
group and crystallize in the orthorhombic system. These
minerals have structures containing chains of linked SiO 4
tetrahedra and generally contain no Ca and little or no Al
(Kraus, et al., 1951). Enstatite and hypersthene are part
of a continuous isomorphous series, which has the general
formula: (Eg,Fe)2 (SiO3)2 ; those specimens containing less
than 15% FeO are termed enstatite and those with a greater
concentration, hypersthene, with the specific gravity in-
creasing from 3.1 to 3.5 with the iron content (Dana, 1951).
The enstatite specimen used in this investigation was cored
from a lamellar, homogeneous mass and the hypersthene speci-
men, from a homogeneous, cleavable aggregate. Finally, it
should be pointed out here that both enstatite and hyper-
sthene undergo a phase transformation to monoclinic forms in
the vicinity of 1100* C.
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7.3 Experimentation
Samples were cored from the specimens and prepared for
conductivity measurements as in the section describing sample
preparation, the remainder of the specimens being retained for
wet-chemical analysis. Quantitative analyses were then made
by the "rapid silicate method" (Shapiro and Brannock, 1956)
and the results are recorded in Table V-1. The pertinent data
for the conditions under which the conductivity measurements
were obtained may be examined in Table VII-1 and, the para-
meters extracted from Figures A-39 and A-40 for log c vs
1/T, in Table VII-2.
The curve for enstatite in Figure A-39 demonstrates a
shape similar to the majority of minerals measured in this
investigation. Polarization is considerable to extreme in
the temperature region above 5700 C and "corrections" made
for this effect result in the solid black points as being
comparable with the A.C. conductivity. The vertical line at
the left side of Figure A-39 is located at 1140* C, the tem-
perature for the transition of enstatite to clino-enstatite.
On the basis of the magnitudes of the parameters in Table
VII-2, it appears that it is in this temperature region that
the conductivity changes from intrinsic semi-conduction to
predominantly ionic conduction. The small circles represent
points of the cooling curve and demonstrate that the heating
and cooling curves do not coincide.
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The plot of log a- vs 1/T for hypersthene in Figure
A-40 possesses the same general shape as that for enstatite
and yields comparable values for the excitation energies,
but this is where the similarity ends. The most striking dif-
ference is the absence of polarization in the hypersthene
measurements. Although not as obvious, another important
factor is the overall increase in conductivity by approxi-
mately one order of magnitude. Therefore, the enstatite-
hypersthene measurements demonstrate the validity of the
initial assumption: The high conductivity of iron-rich
minerals should minimize the effect of polarization,
TABLE VII-1. Experimental Conditions Existing During Conductivity Measurements
of Enstatite, Hypersthene, Quartz, and Hornblende
Specimen Run or D.C. and/or Tmax(OC) Ap aratus Buffer Remarks
Rerun A.C. I or II
Enstatite 1 Run 1
Hypersthene 1 Run 1
Quartz 1 Run 1
Hornblende 1 Run 1
D.C.
D.C.
D.C.
A.C.
1308
1306
1276
1103
Wustite
Wustite
Wustite
A.C. oscillator
failed.
Thermocouple failed.
Wustite Furnace coil failed
@Tmax; sample showed
signs of melting
I X
TABLE VII-2. Parameters Extracted from the Plots of log a- vs. 1/T for the
Enstatite, Hypersthene, Quartz, and Hornblende Specimens
E - electron volts [as in a- - a exp(-E/kT)]
a;- (ohm-centimeters )-1
[d] - difference in a- between forward and reverse measurements
Specimen Run or D.C. or E Line 0-0 Peak Remarks
Rerun A.C. (ev) ( -t-flcm1)
Enstatite #1 Run 1
Hypersthene #1 Run 1
Quartz #1 Run 1
Hornblende #1 Run 1
D.C.
D.C.
D.C.
A.C.
0.860
1.18
1.94
1.15
2.51
1.04
2.67
0.919
1.25
3.29
3.90
1.59
1.50
1.69
1.12
2.74
5.20
6.67
0.430 1 4.99 x
4.62 2 2.40 x
0.662
10-2
10-1
102
101
109
101
106
10-1
101
10-5
1010
9.8 x 10-4
@ 0.978
1.0 x 10-3
@ 0.925
4.87 x 101
[d]extreme
above 570* C.
[d]very little;
equipment diffi-
culties in high
T region
as approx. val-
ues.
[d]extreme in
high T region.
Essentially single
straight line to
melting point.
-~ -.~--~ -I] I!
- U -
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VIII HORNBLENDE
8.1 General
When it became evident that water vapor in the furnace
system affects the values of the conductivities in the inter-
mediate temperature region, it was decided that hornblende
conductivity measurements might help to determine more facts
concerning this effect. This assumption was made not only
due to the fact that hornblende usually contains on (OH)~
radical, but also due to the possibility of excess water
having been trapped in the interstices of the crystal at the
time of formation.
8.2 Mineralogy
Hornblende, a member of the amphibole group, crystal-
lizes in the monoclinic system and differs structurally from
the pyroxenes, enstatite and hornblende, in that it is com-
posed of double silicate chains. The specific gravity may
range from 2.9 to 3.3, depending upon the chemical composition,
which may be considered as being composed, in varying propor-
tions, of Ca2 (Mg,Fe)4 Al(OH)2 (AlSi702 2 ) and Ca2Na(Mg,Fe)4-
Al(OH)2 (Al2Si6O22 )* In addition to the (OH)- radical, a
small amount of water is usually present (Kraus, et al., 1951).
The sample used in the present investigation was a black,
homogeneous, single crystal and showed no evidence of alteration.
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8.3 Experimentation
A sample was cored from the hornblende specimen and
prepared for conductivity measurements as in the section
describing sample preparation, the remainder of the specimen
being retained for wet-chemical analyses (see Table V-1).
The pertinent data for the conditions under which the conduc-
tivity measurements were obtained may be examined in Table
VII-1 and, the parameters extracted from Figure A-42 for log
a- vs 1/T, in Table VII-2.
Since the D.C. equipment was not designed to handle
such large conductivities, only A.C. measurements are illus-
trated. However, in the lower temperature regions where D.C.
measurements were possible, polarization was not evident.
This specimen exhibits a curve for log r vs 1/T unlike the
majority of specimens in that a straight line may be passed
through all of the low temperature points on the graph on
into the temperature region of the conductivity peak illus-
trated by other curves. It is difficult to state with cer-
tainty whether or not a conductivity peak occurs here since
the conductivity decreases with extreme rapidity on the high
temperature side of this region. Upon completion of the run,
it was observed that the sample had decreased in length and
bulged slightly at the sides, thereby indicating that partial
melting had taken place. A change in the sample's dimensions
in this direction should result in an increase in the apparent
electrical conductivity since well-bonded electrode contacts
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were maintained throughout the run. Then, the observed
decrease in the conductivity suggests that the predominant
conduction mechanism in operation at the lower temperatures
ceased suddenly as the melting point was reached and that
no new mechanism of any significant magnitude came into
play.
It was demonstrated in the previous section (7.3) that
the overall magnitude of the conductivity is dependent upon
the iron content. According to the chemical data in Table
V-1, hornblende contains 29.6% Fe as Fe203, an intermediate
value as compared with the majority of specimens, but has an
electrical conductivity that is greater by several orders of
magnitude. It may be possible that this is due not only to
the constituent cations, but also the (OH)- radical.
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IX OLIVINE SERIES
The possibility that olivine [(Fe,Mg) 2Si0 4] may be a
major constituent of the earth's mantle is generally agreed
upon by most geophysicists and it is because of this that a
number of investigations into the electrical properties of
members of the olivine series have been carried on in the
past. Hughes (1953,1955) has measured temperature and pres-
sure effects on the conductivity of olivine, both individually
and simultaneously. Balchan and Drickamer (1959) examined
the variation of the absorption edge of olivine as a function
of temperature and pressure, as did Runcorn and Tozer (1955).
However, in many of these measurements sequences, there ex-
isted the possibility of alteration of the ferrous iron con-
tent in the specimen. Therefore, it seemed worthwhile to
determine whether or not the data obtained previously would
correspond to measurements performed in a buffered atmosphere.
9.2 Experimentation
A number of samples of dunite (in this case, polycrys-
talline aggregates containing approximately 90% olivine) were
cored, analyzed, and measured as in the previous sections. The
chemical data may be found in Table V-1, the conditions under
which the measurements were performed in Table IX-1, and, the
parameters extracted from the plots of log a- vs 1/T (Figures
A-32 through A-38), in Table IX-2.
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It is to be noted that these specimens were measured
with the aid of Apparatus I and, as mentioned earlier, it is
not known how efficiently the buffer prevented alteration of
the sample since some water vapor was present in the sealed
system and the buffer was not wustite in every case. However,
all the dunite curves exhibit peaks similar to other minerals
measured in this investigation.
Dunite #H-5 (Figure A-32) illustrates a shift of the
conductivity peak to higher temperatures on the rerun and
some polarization in the lower and intermediate temperature
regions. Dunite #H-6 (Figures A-33 to A-35) demonstrates
a conductivity peak in the same temperature region as the
initial run for #11-5 and similar values for the conductivities
at higher temperatures, but with considerable more polariza-
tion. The reruns on #H-6 are interesting in that a "hyster-
esis" effect is illustrated by the heating and cooling curves
for the first rerun and, although the polarization is extreme
in the vicinity of the conductivity peak, both reruns demon-
strate excellent reproducibility in the high temperature
region and little polarization.
Dunites #Gf1 (Figures A-36 and A-37) and #Gf2 (Figure
A-38) were two specimens from the same sample. The initial
heating curve for dunite #Gfl exhibits high temperature con-
ductivities almost identical with #11-6, a conductivity peak,
and a suggestion of a second conductivity peak. The rerun re-
produces the high temperature results well with little
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polarization, but the separation of points is extreme at
lower temperatures. The maximum temperature attained for
dunite #Gf2 was obtained in a series of steps. The specimen
was heated to approximately 300* C, cooled to room tempera-
ture, reheated to about 7000 C, cooled again to room tempera-
ture, heated to the vicinity of 1000* C, and then cooled.
The conductivity data for #Gfl is, perhaps, most indicative
of the conduction properties of dunites here for comparisons
with the other minerals investigated since this is the only
dunite specimen that was measured in the same manner.
TABLE IX-1. Experimental Conditions Existing
of the Olivine Sequence
During Conductivity Measurements
Specimen Run or D.C. and/or T (*C) Apparatus Buffer Remarks
Rerun A.C. max I or II
Dunite #H-5 Run 1
Rerun 1
Dunite #H-6 Run 1
Rerun 1
Rerun 2
Dunite #Gf1 Run 1
Rerun 1
Dunite #Gf2 Run 1
Rerun 1
Rerun 2
D.C.
D.C.
D.C.
D.C.
D.C*
D.C.
D.C.
D.C.
D.C.
D.C.
1337
1250
1328
1350
1338
1345
1333
350
746
1001
I Fe CaCl2 at base of
bell jar; did not
open furnace be-
tween runs; buffer
container close to
sample.
I 1/2, Fe & CaCl 2at base of
1/2 mag- bell jar; flushed
I netite with argon between
by vol. runs; buffer con-
tainer at bottom of
furnace.
I Fe &
magne-
I tite
Flushed with argon
between runs.
I Fe & Flushed with argon
magne- during Run 1; water
I tite condensed during
I Reruns 1 and 2.
IUU4~I~&1I J L4 JjJ AJ)
TABLE IX-2. Parameters Extracted from the Plots of log a- vs. 1/T for the
Olivine Sequence
E - electron volts [as in a-- o. exp(-E/kT)]
q;- (ohm-centimeters)~1
Ed] - difference in a- between forward and reverse measurements
Specimen Run or D.C. or E Line -. Peak Remarks
Rerun A.C. (ev) (- 1 m 1 )
Dunite #H-5
Dunite #H-5
Dunite #H-6
Dunite #H-6
Dunite #H-6
Run 1
Rerun 1
Run 1
Rerun 1
Rerun 2
D.C.
D.C.
D.C.
1.03 1 1.35 x 10
2.02 2 8.65 x 101
D.C.
D.C.
6.7 x 10-6 [d]fair;con-
@ 0.894 siderable in
peak region.
4.8 x 10-5
@ 0.795
1.2 x 10-4 [d]considerable
@ 0.954 to extreme in
high T region.
[d]extreme ex-
cept in high T
region; hyster-
esis between
heating & cool-
ing in peak re-
gion.
[d]extreme ex-
cept in high T
region.
TABLE IX-2. (continued)
Specimen Run or
Rerun
D.C. or
A.C.
E
(ev)
Line T.
(.1cmi)
Dunite #Gfl
Dunite #Gf 1
Dunite #Gf2
Run 1
Rerun 1
Rerun 1
& 2
D.C.
D.C.
4.0 Y, 10-7
@ 1.185 &
8.4 x 10-8
@ 0.994
2.58 1 1.09 x 103
D.C. 2.2 x 10-6
@ 0.945
[d]extreme in
peak area upon
cooling.
[d]extreme ex-
cept in high T
region.
[diextreme in
high T region.
Peak Remarks
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X SiO2
10.1 General
Since SiO2 is a constituent of many eclogites, the
electrical conductivity of a specimen cored from a single
crystal of quartz was measured in a controlled atmosphere.
The conditions under which the measurements were obtained
are recorded in Table VII-1 and, the parameters extracted
from the plot of log a- Vs 1/T (Figure A-41), in Table VII-2.
10.2 Experimentation
The specimen was prepared in the same manner as the
other specimens in this investigation, but no chemical anal-
yses were performed. The o and6 quartz regions [regions
(a) and (b) in Figure A-41] demonstrate that polarization
is all but absent and that the conductivity peak is as pre-
dominant as in many of the garnet curves. The tridymite
region (c) is characterized by extreme polarization and a
change in the conduction mechanism. On the basis of the
"corrected" points, it appears that the highest temperature
measurements may be located in another conductivity peak
area. The cooling curve exhibits even greater polarization
and the "corrected" values correspond rather well to the
heating curve values in region (c). Upon termination of the
run, it was observed that the specimen had not changed its
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appearance whatsoever (including the transparency and the
formation of fractures).
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XI DISCUSSION
11.1 Reproducibility of Measurements
In every specimen measured, there existed a distinct
difference between the initial heating curve and the sub-
sequent cooling curve, this difference being rather pronounced
in the majority of runs. However, the two samples from garnet
specimen #106, which were measured in aqueous vapors (Figures
A-20 and A-21), demonstrate that, although the cooling curve
differs from the initial heating curve for a particular
sample, both of these curves may be reproduced by measuring an-
other sample from the same specimen under similar conditions.
The excitation energy E and the value of o; for each of the
straight line segments of the plot for Garnet #106 - D.C.,
aqueous 1 were determined as:
Line E (ev) (It -Icm-1)
1 1.09 2.24 x 100
2 1.31 4.90 x 100
and those for Garnet #106 - D.C., aqueous 2 corresponding to
aqueous 1:
Line E (ev) a-.( -lc-1)
1 1.02 8.09 x 10-1
3 1.22 1.59 x 100
The values of the excitation energies for the two cases
are observed to be in good agreement. Furthermore, consider-
able extrapolation is necessary in order to determine the
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values of o- , a slight variation in the slope of the line
resulting in a significant effect on the magnitude of o,.
Therefore, it appears that the reproducibility of the measure-
ment technique employed in this investigation is very satis-
factory.
96
11.2 Differences Between Initial Heating
and Cooling Curves
For the minerals investigated, correspondence between
the initial heating and cooling curves for a given sample
should not be expected for at least two reasons: 1) the
"freezing-in" of defects at elevated temperatures during
cooling and 2) the separation of grain boundaries upon
cooling during an experimental run.
Solid state theory suggests that conductivity in such
crystals is due to the presence of lattice defects (i.e.-
atomic displacements or irregularities involving an increase
in free energy because of the increased entropy). The equi-
librium number of defects, and thus the conductivity, increases
rapidly with temperature as exp(-E/kT). Between the dis-
placed atom and. its regular position there will be an energy
barrier, of magnitude U say, and if the temperature is re-
duced rapidly enough, the defect may be "frozen in". Quan-
titatively, this occurs when:
v exp (-UT/kT) << /t
where: v is the frequency of atomic vibration
exp(-U/kT) represents the probability of the
atom having sufficient energy to over-
come the energy barrier
t is the time scale of the experiment
The rate of cooling in the experiment being many orders of
magnitude higher than in nature, many more "frozen-in" defects
S-~ ~
may be present upon cooling than in the initial heating and
the associated conductivity may be correspondingly higher.
The freezing-in of defects, like any other change in
the conductivity mechanism, should be revealed by a kink in
the log o- vs. 1/T curve. At low temperatures the conductiv-
ity is proportional to:
n0 exp (-E/kT)
where n, is the number of defects (fixed by the freezing-in
in excess of the equilibrium number and independent of the
temperature at low temperatures) and E' is some excitation
energy. At high temperatures, the conductivity is dependent
upon:
n exp(-E'/kT) - N exp(-E/kT)exp(-E'/kT)
- N exp(-[E + E']/kT)
where: n - N exp(-E/kT) - the equilibrium number
of defects
N - the number of atoms capable of dis-
placement
exp(-E/kT) - the probability of a displace-
ment
In addition to the freezing-in of defects, we must also
consider the effect of grain boundary separation. Separation
of grain boundaries during heating and cooling, should, at
first sight, reduce the conductivity by severing conduction
paths. However, new surfaces may be created (e.g.-by the
spreading apart of internal fractures) and this may lead to an
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an increasing conductivity from surface defects or along
surface paths.
Therefore, in view of the above discussion, it is not
to be expected that the heating and cooling curves will
coincide,
C)(
11.3 Polarization and Thermo-electric Effects
The reasons for the measurement procedure followed in
Section IV will now become apparent. It was assumed that
iron-rich minerals would minimize the effects of polarization
and that maintaining a constant temperature with no tempera-
ture gradient across the sample would eliminate thermo-elec-
tric voltages. In order to check for possible polarization,
Coster (1948), employing D.C. techniques, measured the current,
first in one direction, then in the reverse direction. He
found that, in most cases, the measurements coincided, demon-
strating that polarization was negligible. This process
was followed in the present investigation and, in addition,
thermo-electric effects were sought by allowing the sample
itself to drive current through a galvanometer possessing
high sensitivity. Furthermore, A.C. measurements were made
at 30 c.p.s. and it was observed that A.C. and D.C. measure-
ments coincided in those temperature regions where the D.C.
measurements indicated no polarization.
In certain instances, the D.C. points for a given tem-
perature were so different that, in order to use the data,
some form of polarization and/or thermo-electric correction
had to be made. It was noted that, in most instances, the
voltage produced by the sample itself was different before
the measurement was performed than after and that it was fairly
constant with time. This value was subtracted or added to the
for the sample, depending upon the direction of the current
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through the sample and whether this "correction" value was
obtained before or after the measurement sequence. The
"corrected" values coincided fairly well with each other and
with the A.C. measurements. Therefore, the "corrected" values
represent the A.C. conductivity, the separation of the D.C.
points indicating the degree of polarization and thermo-
electric effect. Then the A.C. and D.C. conductivity is re-
presented by the same curve when all points coincide and, in
the temperature regions where this is not true, there are
three values for the conductivity: 1) the D.C. conductivity
in the forward direction; 2) the D.C. conductivity in the
reverse direction; and 3) the A.C. conductivity. The A.C.
conductivity exhibited little frequency effect (i.e.-there
was no significant difference in the values for 30, 300, or
3000 c.p.s.). As was expected, the higher temperature regions
demonstrated the greatest separation of D.C. values. Although,
for the earth, with its sinusoidal electrical variations, it
is the A.C. conductivity that should be considered as repre-
sentative of the actual electrical conductivity, D.C. values
are applicable in many instances (i.e.-those temperature re-
gions where A.C. and D.C. values coincide).
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11.4 Sources of Error and Accuracy of Results
There are many sources of error inherent in this type
of investigation and may be attributed to displacement
currents or frequency effects, polarization, electrode phenom-
ena and the associated voltage distribution across the
specimen, sensitivity limits of the meters utilized in the ac-
tual measurement circuit as well as those used to determine
the values of circuit components, the accuracy of the measure-
ments of the dimensions of the specimens, contact and lead
resistances, accuracy of the graphical calibration curves for
the A.C. measurements, etc.
Calculations demonstrate negligible displacement cur-
rent for 30 c.p.s. A.C. measurements and no frequency de-
pendence was observed as the frequency was varied from 30
to 300 to 3000 c.p.s. Polarization effects may be essentially
"corrected" according to the procedure in Section 11.3. The
error introduced by the sensitivity limits of the meters,
measurements of sample dimensions, etc. may be determined by
the differential approach to error analysis. However, electrode
phenomena and the associated voltage distribution across the
sample may introduce greater uncertainty into the results
than all other sources of error combined.
The voltage distribution across the sample was not con-
sidered in this investigation, but Cronemeyer (1952) made
measurements of this for single crystals of rutile by placing
probes at appropriate intervals across the specimen. He found
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that the field is markedly distorted near the electrodes
so that the net field in the central portion of the crystal
is appreciably smaller than the applied field strength.
He shows, further, that the true conductivity may then be
considerable different from the overall conductivity (by as
much as 1 order of magnitude). This is in accordance with
the theory concerning metal-semi-conductor contacts as in
Spenke (1958).
Therefore, without data pertaining to this phenomenon
in the present investigation, the values obtained for the
electrical conductivity data are estimated to be within
approximately 10% of the actual values.
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11.5 Comparison with Other Investigations
The majority of curves for log a vs l/T are quite
different from those obtained by other investigators, however,
Hughes (1953), Coster (1948), Cronemeyer (1952), and others
observed a distinct difference between the heating and cooling
curves, a phenomenon noted in this investigation and discussed
in Section 11.2. Aside from this, Cronemeyer (1952) is the
only one to illustrate a suggestion of a conductivity peak;
all others found that the electrical conductivity a- could
be represented rather well by a- - ,o1 exp(-El/kT) + a-2 exp
(-E2 /kT) for any particular temperature. The conductivity
peak is the most striking difference between the present and
previous investigations and, without a predominant peak, all
the curves are quite similar in shape. The present research
differs from the others in that the sample was not in contact
with the laboratory atmosphere but utilized a buffer in a
sealed system to control the partial pressure of the oxygen.
Previous calculations demonstrated that the buffer was efficient
in controlling the po, so as to prevent alteration of the
sample and wet-chemical analysis reinforced this argument.
Cronemeyer (1952) made measurements of very slightly to ex-
tremely reduced single crystals of rutile. Cronemeyerts
curves must be somewhat similar to those of the present inves-
tigation then due to the absence of oxygen in the system. How-
ever, water is produced by 2 TiO2 + H2 Ti203 + H20 for the
slightly reduced case. Garnet #106, measured in an equeous
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vapor, was almost without a peak and demonstrated a curve
very similar in shape to Cronemeyer's curve for slightly re-
duced TiO 2 , while garnet #106, measured in a dry buffered
atmosphere, exhibited a predominant conductivity peak. This
suggests that Cronemeyer, if he had eliminated the water vapor
from the system prior to measuring the sample and yet pre-
vented oxidation, would have observed a significant conduc-
tivity peak.
Therefore, it appears that water vapor tends to pro-
hibit the possibility of a conductivity peak and it may be
that the water content of the air in the laboratory is suf-
ficient to eliminate this peak. Garnets #104 and #1, which
were run in air, illustrate no conductivity peak and possess
curves which approximate those of Hughes (1953) and Coster
(1948) more closely than they do the other curves of the pre-
sent investigation.
The facts are: 1) a dry silicate [i.e.-one containing
no H20 or (OH] run in air produces no conductivity peak;
2) a dry silicate run in a dry buffered atmosphere yields a
conductivity peak; and 3) a dry silicate run in an aqueous
buffered atmosphere gives no conductivity peak. Therefore,
one might expect that a mineral containing H20 or (OH)~ run
in a dry buffered atmosphere would produce no conductivity
peak, that the same mineral run in air would demonstrate a
conductivity peak, and that the same mineral run in an aqueous
buffered atmosphere would give a peak. It was pointed out
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in Section 9.3 that the curve for hornblende, measured in
a dry buffered atmosphere, was a straight line with apparently,
not even a suggestion of a conductivity peak and that the max-
imum temperature attained exceeded that of the melting point of
the specimen. Time did not permit the investigation of the
other two possibilities by further measurements on hornblende.
It appears, then, that the presence of water vapor in the
mineral or the atmosphere surrounding it will greatly influence
the shape of the log o vs 1/T curve and that dry silicates will
not exhibit a conductivity peak if water vapor is present.
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11.6 Geophysical Implications
11.61 The Possibility of a Phase Transformation at the
Mohorovicic Discontinutiy
In order to discuss the electrical conductivity of
the earth in anything but general terms, some estimate of
the chemical nature of the region of investigation must be
at hand. Numerous speculations and hypotheses have been
presented, but the ever-increasing compilation of geophysi-
cal data is limiting these possibilities rather rapidly.
Peridotites, dunites, oxides, sulfides, eclogites, etc. have
been suggested as the major constituents of the mantle, but
it appears that eclogites conform most thoroughly to the im-
posed geophysical restrictions on the materials comprising
the earth.
The possibility of eclogite at depth has been con-
sidered by a number of investigators: Lovering (1957, 1958);
Turner and Verhoogen (1951); Verhoogen (1956); Lyubimova (1959);
Robertson, Birch, and MacDonald (1957); Birch (1952); and
others. Brief mention was made of the works of Turner and
Verhoogen (1951) and Lovering (1958) in the section pertaining
to the garnet measurements, but, here, we should expand some-
what on the arguments concerning a major eclogitic constitu-
ent for the earth.
The chemical composition in the vicinity of the Moho
discontinuity has been a subject of considerable controversy.
Speculations as to the chemical nature of the earth range
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from an earth consisting largely of hydrogen (Kuhn and
Rittman, 1941) to one composed primarily of iron, magnesium,
oxygen, and silicon. The latter is the most widely accepted
view due to the close correspondence of the meteoric and solar
abundances of the elements. It is also generally accepted that
the material comprising the earth's mantle may be inferred by
the chemical composition of stony meteorites, which are
supposedly representative of the silicate mantle of the parent
meteoric body of planetary dimensions. Lovering (1958) points
out that previous models for the composition of the mantle of
the parent meteoric body and the earth have been confused by
data from a variety of meteoric types and that only achondrites
can be legitimately considered as primary sources of the dif-
ferentiated silicate mantle of the parent meteoric body. On
the basis of the abundances of achondrites of a given range in
composition, Lovering (1957) arrives at a model in which the
outer zone (approximately 60%) of the mantle is composed of
basaltic or euchritic achondrites, with compositions very
similar to terrestrial basalts and norites.
This hypothesis is not in discord with any concrete
facts pertaining to the earth's internal constitution. Many
geophysicists visualize a definite chemical change at the
Moho, say from basaltic to dunitic material, due in part, per-
haps, to Birch's (1952) computations utilizing a number of the
properties of dunite. However, Birch (1952) states that "the
notion that the mantle consists exclusively of olivine or dunite
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finds no support in the chemistry or mineralogy of meteor-
ites". Furthermore, dunites tend to strain the seismic da-
ta for the velocities of wave propagation in the upper por-
tion of the mantle and, since the garnets and pyroxene miner-
als, jadeite and spodumene, show higher velocities (i.e.-an
assemblage of olivine, pyroxene such as jadeite and its potas-
sium equivalent, and garnets can have the required velocities),
Birch (1952) believes that the eclogite hypothesis should be
considered.
Lyubimova (1959) objects to an eclogite concentration
in the upper portion of the mantle since, below the oceans,
it follows that one should expect a low velocity layer for
seismic waves at depths of 40 km. and this has not been ob-
served. However, until it has been demonstrated that this
layer is definitely absent, the eclogite hypothesis should
not be challenged on these grounds.
There are many more arguments in favor of rather than
against the eclogite hypothesis. Turner and Verhoogen (1951)
(see section 6.1), on both petrological and geochemical grounds,
suggest that basalt, if it undergoes a phase transformation
at the Moho, should become a high pressure modification best
approximated by eclogite and they Illustrate the chemical
equivalence of olivine basalts and eclogites (see equation
6.1-1). Similarly, Lovering (1958) refers to the work of Hess
and Henderson (1949) which results in the chemical equivalence
of euchritic achondrites and eclogites:
(11.61-1) 4 CaAl2Si 2 8 + NaAlSi 3O8 +
bytownite
8 MgSiO3 + n Ca~g(Si03)2, 5 SiO2 +
pigeonite quartz
NaAl(SiO 3)2 + n CaMg(SiO3)2,
omphacite
4 CaMg 2 Al 2 (Si0 4 ) 3
garnet
Finally, Robertson and others (1957), as a result of their
investigation of jadeite stability relations to 25,000 bars,
conclude that the pressures required to form omphacite in an
eclogite are lower, perhaps much lower, than those for the
reaction: albite + nepheline - 2 jadeite and that the ompha-
cites in quartz-bearing eclogites would require pressures
no greater than those for the reaction: albite - jadeite +
quartz. Their equilibrium curves vs. depth illustrate the
estimates of continental and oceanic conditions and suggest
an eclogite hypothesis.
It appears, then, that the Moho discontinuity may repre-
sent a phase change from an eclogitic mantle component to
basaltic crustal material. The existence of such a phenomenon
could then explain the following (Lovering, 1958): 1) the
relationship between the occurrence of diamonds in eclogitic
material and the fact that the pressures required to form
diamonds are on the order of those in the mantle at 130 -
190 km; 2) there would be no difficulty in determining the
parent magma for the variety of differentiated intrusive
- i -~
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and extrusive crustal materials; 3) an eclogite layer of
sufficient thickness could produce the equality in the
observed heat flows over the continents and oceans; and 4)
the existence of a phase change at the Moho provides the
mechanism for mountain formation.
Therefore, the presence of eclogite in the upper regions
of the mantle is not unreasonable or remoteo
11.62 The Electrical Conductivity of the Earth's Crust
and Upper Mantle
The electrical conductivity of the upper portion of
the earth's mantle may be estimated by analysis of transient
variations in the geomagnetic field. Lahiri and Price(1939)
employed this approach to obtain the electrical conductivity
as a function of depth and suggest probable values for depths
as great as 800 km. Some uncertainty in the shielding effect
of the oceans results in a corresponding uncertainty in the
actual conductivity versus depth distribution. Furthermore,
although several distributions are compatible with the ob-
served geomagnetic variations, each curve demonstrates that
the conductivity increases rapidly in the upper portion of the
earth. Lahiri and Price conclude, then, that their inter-
pretation has greater validity at depth than in the near
surface region and, as Rikitake (1951), that the electrical
conductivity rises sharply in the upper few kilometers of the
earth.
More detailed information pertaining to the near sur-
face region has been acquired by Cantwell (1960). Magneto-
telluric sounding techniques were utilized to determine the
electrical conductivity at depths on the order of 70 km.
Cantwell states that, due to the measurement technique and
the method of interpretation, this value may be stretched to
100 km. A discontinuity at these depths demonstrates an abrupt
shift in conductivity from 1.25 x 10-6-" 1 cm-1 to greater
1l'2
than 1.25 x 10~4 xA~ cm-l (the equipment will not permit a dis-
tinction between the latter value and infinite conductivity),
a shift of at least 2 orders of magnitude. Cantwell proposes
an explanation for the conductivity discontinuity: "Above
roughly 70 km, the conductivity is determined by pore fluids,
with probably some ionic conductivity beginning as the pore
fluid conductivity is "squeezed out". At about this critical
depth, the temperature effects begin to take over, and from
there on the ionic conductivity dominates."
The possibility that the conductivity discontinuity
is due to a fairly rapid change in the dominant conductivity
mechanism is a plausible argument, however to attribute this
to an abrupt change in the water content seems rather unlikely
in the absence of a phase change. However, if the presence
of a phase change is inferred, then it is conceivable that
water could be excluded in the second phase, thus a sudden
change in water content.
For the earth, let us assume that this phase change
represents a transition from eclogitic to basaltic material
at the Moho discontinuity. Since garnets comprise approximately
1/3 of the composition of eclogites, there may be a correla-
tion of the electrical conductivity data in this investigation
with the "Ohmo" discontinuity. Furthermore, it may be possible
that the Moho and the Ohmo do not necessarily coincide. There-
fore, we should look for an abrupt change in electrical conduc-
tivity of at least 2 orders of magnitude due to a phase change
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from basaltic material and its associated water content to
essentially dry eclogite.
In order to make such considerations, we require the
variation of the temperature with depth. Numerous estimates
have been made by many investigators [MacDonald (1959),
Lubimova (1958), Adams (1924), Jeffreys (1929), Gutenberg
(1939), Rikitake (1952), Urey (1952), but these require a
variety of assumptions, the validity of which would be diffi-
cult to test. However, regardless of the approach to this
problem, it appears that the temperatures in the vicinity of
the Moho discontinuity should fall within the temperature
range of 300 to 700* C. MacDonald (1959) states that a tem-
perature much in excess of 600* to 7000 C appears unreasonable
and illustrates various temperature profiles, depending upon
the models employed for a 30 km crust.
However, in the case under consideration, we require
different models. Therefore, several temperature distributions
have been derived in Appendix II and result in:
(11.62-1) For a single layer (i.e.-no sialic crust):
T2 - (H - 1/2 P 2A 2x)x
K2
(11.62-2) For a crust with a total thickness greater than
70 km and a 10 km sialic component:
T2 - (2H -P A 1x 1 )x +
2K1
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(H -p A 1 x)( x - xi) - p 2A2 (x - x1)2
K2 2K2
(11.62-3) For a crust with a total thickness of 35 km and a
10 km sialic component floating on a high density
mantle:
T3 - (2H - poA 1x1 )x1 +
2K1
(H - p1 Alx1 )(x2 ~ x1 ) - 1/2 P 2A2 (x2 x11)2 +
K2
[H - (A 1 p 1 - A2 t 2)x1 - A2 to2 x2J(x - x2) ~
K3
1/2p 3 A3 (x - 12)2
K3
(11.62-4)
where:
For a crust with a total thickness greater than
70 km and a 20 km sialic component:
Same as equation (11.62-2)
the subscript indicates the specific layer
K - thermal conductivity
Pi - density
H - heat flux at the surface
Ai - rate of radioactive heat production per
unit mass
xi - thickness of the layer
Fig. XI-1. Temperature vs. Depth for:
A - 10 km granodiorite overlying
olivine basalt
B - 20 km granodiorite overlying
olivine basalt
C - Olivine basalt
D - 10 km granodiorite and 25 km
olivine basalt overlying eclogite 0
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TABLE XI-1. Temperature vs Depth for Models A, B, C and
D as Calculated from Equations (11.62-11 to
(11.62-4)*
Depth (km) Temperature (*C)
Curve A Curve B Curve C Curve D
15 295
20 385
25 369 313 469 369
30 428 353 550 428
35 484 389 625 484
40 535 421 696 564
45 582 448 763 637
50 624 470 825 707
55 661 487 882 771
60 695 501 935 829
65 723 509 983 883
70 747 517 1027 931
75 766 513 1066 974
80 781 508 1101 1011
85 789 498 1131 1045
90 797 484 1156 1071
95 465 1177 1093
* The values substituted into the equations were:
H - 1.2 x 10-6 cal/cm 2 sec (Bullard, et al.,
A1 - 1.2 x 10-13 cal/gm sec (Jacobs, 1956)
1956)
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TABLE XI-1. (Continued)
Ki - 0.0065 cal/cm sec deg (mean of values in Birch,
et al., 1942)
pi - 2.76 gm/cm 3 (Poldervaart, 1955)
A2 - 3.5 x 10~14 cal/gm sec (Jacobs, 1956)
K2 - 0.0057 cal/cm sec deg (mean of values in Birch,
et al., 1942)
02 - 2.97 gm/cm3 (Poldervaart, 1955)
A3 - A2
K3 - K2
P3 - 3.4 gm/cm3 (Lovering, 1958 and Birch, et al., 1942)
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A temperature distribution has been obtained for each
of the preceding cases, subject to certain assumptions: 1)
AiVPi, and Ki are constant throughout a given layer; 2) the
portion of the earth that is being considered is small enough
as compared with the overall dimensions that plane slabs may
be considered rather than the volumes of spherical shells
and that the initial temperature conditions in the depths of
the earth have little effect on a region so close to the sur-
face; 3) the thermal conductivities of basalt and eclogite
are approximately the same; and 4) all phase boundaries are
stationary (i.e.-there is no heat production due to phase
changes). No measurements have been made of the radioactive
heat production in eclogite, but if eclogite may be regarded
as a high pressure phase of basalt with the same chemical
composition, then both must possess the same radioactive
heat production per unit mass (providing one phase does not
exhibit a greater affinity for radioactive elements than the
other), resulting in a consideration of only the effect of
the increased density on the heat flow. Several curves are
plotted in Figure XI-1 and the numerical data is tabulated
in Table XI-1.
The average thickness of the continental crust is
generally accepted as being 35 km, but mountainous regions
with "roots" sometimes extend this value to 60 or 70 km.
Furthermore, the granodioritic layer in the average continen-
tal crust is of the order of 10 km (Gutenberg, 1951). If this
layer increases proportionally with the overall thickness,
then a 70 km crust may possess a granodioritic layer as
great as 20 km in thickness.
Due to the geographical location of Cantwell's (1960)
investigation, some "root" effect should be present. There-
fore, the sialic layer should probably range from 10 to 20
km in thickness and the base of the crust should be found
at depths greater than 35 km, possible 70 km (the approxi-
mate depth of the conductivity discontinuity). Then, pos-
sible temperatures at depth for Cantwell's area of investi-
gation should lie between those determined by curves B and
D in Figure XI-1.
The question arises as to whether or not the Moho
could occur at shallower depths and the conductivity discon-
tinuity still occur at approximately 70 km. Coster (1948)
has made conductivity measurements of basalt, gabbro, eclo-
gite, etc., but not under conditions of a controlled atmos-
phere. We have seen that measurements in a dry buffered at-
mosphere result in conductivity peaks in most instances
while those where water vapor is present yield no peaks or,
at least, no peaks of any significant magnitude. Therefore,
the effect of a basalt-eclogite phase change on the electri-
cal conductivity may be represented by Coster's curves down
to the phase change region and then by the garnet curves
from this investigation at greater depths. This assumes that
the effects of oxidation are not extreme in Coster's work and
that water vapor in the air is the important factor. Since
oxidation tends to increase the conductivity in dry silicates,
Fig. XI-2. The Electrical Conduc-
tivity of Garnet /105 as a Function
of Depth for the Temperature Distri-
butions of Curves A, B, and D in
Fig. XI-1 [with additional roints*
from Coster (1948)].
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Fig. XI-3. The Electrical Conductivity of
Garnet #109 as a Function of Depth for the
-7 Temperature Distributions of Curves A,B, and '
D in Fiff. XI-1 [with additional points* from 0
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his curves should be represented by smaller conductivities if
oxidation is significant. Furthermore, such a comparison
requires that the electrical conductivity of garnet is
essentially the same as for eclogite as a whole and that
the pressure effects on Coster's specimens are of the same
order of magnitude as on the garnet specimens.
Assuming no pressure effect on the electrical conduc-
tivity, the temperature data for curves A, B, and D in Figure
XI-1 were used to plot the conductivities of garnets #109
and #105 and SiO 2 as a function of depth (see Figures XI-2
through XI-4). Values of the conductivities for gabbro,
basalt, and eclogite have been calculated from Coster's
(1948) data for temperatures determined by curves A and B at
70 km and by curve A at 35 km and are also plotted on these
Figures. (The values were obtained by substitution of his tab-
ulated Pi and Ai into: a- - Alexp[- E1/kT] + A2exp[- E 2/kT).)
It is immediately obvious that the curves here are
quite different from those obtained by assuming that a single
conductivity mechanism is predominant [e.g.-see Cantwell (1960)].
In particular, the plot of log o- vs depth for garnet #109,
associated with the temperature distribution of curve A,
demonstrates a rapid increase in the electrical conductivity
at depths on the order of 60 km. The temperature in this re-
gion corresponds to the temperatures required to observe the
conductivity peak in garnet #109 and, due to the flatness of
the temperature distribution curve, the peak represents a
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considerable vertical spread (i.e.-a fairly thick zone with high
conductivity). Although it is not shown here, the curve should
demonstrate a decrease in conductivity at greater depths
prior to the final increase associated with the predominance
of ionic conductivity.
Coster's curves should represent the lower part of
the crust down to the Moho discontinuity, at which point,
the curves from the present investigation should be utilized
(in this case, garnet #109). The basal portion of the crust
is generally accepted as being of basaltic composition, but
not necessarily basalt. For the same composition, we may
have gabbro, basalt, basalt glass, or eclogite, but density
considerations and thermodynamics suggest gabbro or basalt,
most likely gabbro. If the Moho occurs at 70 km and the tem-
perature is determined by curve A, then a phase change from
gabbro to eclogite would result in an abrupt shift in the con-
ductivity from 3.9 x 10-6 -lem-1 to 2.4 x 10-4 a-1cm-1
[approximately 2 orders of magnitude in the same conductivity
region as Cantwell's(1960) measurements]. A basalt-eclogite
phase change produces a discontinuity of less than 1 order of
magnitude and, basalt glass-eclogite, much less. Therefore,
within the limitations imposed by the previous assumptions,
a gabbro-eclogite phase transition at 70 km conforms conduc-
tivity-wise to the magneto-telluric data remarkably well.
The plot of log a- vs depth for garnet #109, associated
with the temperature distribution of curve B, is a smooth
curve since the maximum temperature attained is below that of
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the conductivity peak region. The gabbro-eclogite phase
change in this case gives rise to an increase in conductivity
of approximately 1 order of magnitude, basalt-eclogite an
increase of less than 1 order of magnitude, and basalt glass-
eclogite a decrease in conductivity. This case does not ap-
pear to fit the magneto-telluric data.
The third temperature distribution for garnet #109, based
on a 10 kmsialic layer, 25 km of basaltic material, and eclo-
gite below this, results in a log a- vs depth curve which is
contracted laterally as compared with the previous example
and demonstrates higher conductivities at shallower depths.
For this model, a peak occurs in the conductivity between
55 and 60 km. The range of depths covered by this peak is
much less than that for the preceding peak. However, the
peak area may be shifted to greater depths and somewhat greater
vertical extent by adjustment of the parameters influencing
the shape of the temperature vs depth curve. It appears, then,
that a rapid change in conductivity could occur at a depth
of 60 to 70 km, demonstrating a change of at least 2 orders of
magnitude in a depth interval of 10 km. Possible, this may
also correspond to the magneto-telluric data, the important
point being that, for this case, the Moho occurred at 35 km and,
in the other case, the top of the mantle was taken at 70 km.
However, for a gabbroic basal crustal layer, magneto-tellurio
measurements should indicate a Jump in conductivity of ap-
proximately 1 order of magnitude in the vicinity of 35 km as
well as several orders of magnitude increase in the 60-70 km
region.
Similar curves have been plotted for Si0 2 and garnet
#105 and may be analyzed in an analogous manner. Garnet
#105 exhibits the same type of curve as garnet #109, but
with a depressed peak for the case of the 3-layer problem
and conductivities, in general, on the order of a factor of
10 less. The curve for SiO2 is also similar, but demonstrates
a wider range of magnitudes and rates of change for the
conductivity.
It was assumed previously that Ai, P 1 , and K1 are
constant for a given layer. Ai and P iapproximate this re-
quirement, but Ki requires further consideration. Birch and
Clark (1940) measured the thermal conductivity of a number
of rocks in order to determine the dependence upon temperature
and chemical composition. The highest temperatures attained
were 300* C, except for a diabase and gabbro sample, which
were carried to 400* C. The crystalline diabase and gabbro
samples exhibit little variation of K with temperature and,
for two samples, K remained essentially constant. However,
diabase glass, Rockport granite, and Westerly granite demon-
strated a change in K between 1000 and 200* C of approximately
10.0%, 11.7% and 5.6% respectively. This change is, no
doubt, due to the effect of radiative heat transfer. Clark
(1957) shows that the contribution of radiation to thermal
conductivity is approximated by:
(11.62-5) C- 16 n2s T3  22 x 10-12T3  cal/cm sec *C
3 Z. C
4f I27
where: s - Stefan - Boltzmann constant
n - index of refraction (---1.7
for ferromagnesian silicates)
and, futhermore, that 6 is probably of the form:
(11.62-6) 6 - F.+ 1201T a-. exp(-E/2kT)
n
where: e.- the opacity at low temperatures
(~ 10 cm7-1)
a, exp(-E/2kT) - the electrical
conductivity
resulting in: K - C + Cr
- C + 16 n3 s T3
ne + 1201TTo-. exp(-E/ZkT)
where: C - the thermal conductivity at
low temperatures
Since the granodioritic layer of the crust does not
experience very high temperatures, the variation of thermal
conductivity with temperature will not be great. The basaltic
or gabbroic layer can have, essentially, a constant thermal
conductivity (see Birch and Clark, 1940), but eclogite, if
the garnet content is the prime factor, should exhibit
considerable radiative effects. Therefore, C, for garnet
#109 was plotted as a function of the temperature in Figure
XI-5 as if electronic conduction predominated throughout the
run. We see, then, that the thermal conductivity K for garnet
#109 is approximately 1 1/2 times that of gabbro (--24 watts/
cm deg at low temperature) at temperatures on the order of
Fig. XI-5. The Radiative Thermal Conduc-
tivity of Garnet #109 as a Function of
Temperature.
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500' C, twice that for 750*- 8000 C (the conductivity peak
region), and about 3 times that at 10000 C. This should not
change curves A and B in Figure XI-1, but will affect curve
D through reduction of the values for the temperature in the
eclogite material. Taking twice the low temperature thermal
conductivity as a reasonable "average" for garnet #109 in
the temperature region between 5000 and 8000 C, calculations
show that temperatures at depth are lower than those of
curve D and that the conductivity peak region associated with
the temperature distribution of curve D is shifted toward
lower temperatures and possesses greater vertical extent. In
the earth, a small change in the same direction may possibly
be due to the increased thermal conductivity associated with
the pressure effect on the electrical conductivity.
It is difficult to state with certainty whether or not
Cantwell (1960) was actually measuring a conductivity discon-
tinuity at the Moho discontinuity. If, upon further magneto-
telluric investigations in the Boston area, it is determined
that the conductivity discontinuity at 70 km is the only sig-
nificant one down to that depth, then the Ohmo corresponds to
the Moho and, for a gabbro-eclogite phase change, represents
a shift from the conductivity vs depth curve for gabbro to
that of eclogite (garnet) at 70 km. The crust, in this case,
is composed of 10 - 20 km of granodioritic material and approx-
imately 60 - 70 km of gabbro. However, if an electrical discon-
tinuity occurs at about 35 km (~-1 order of magnitude) and
another at 60 - 70 km (- 2 orders of magnitude), the Ohmo
J3(
(70 km discontinuity) does not correspond to the Moho
and, for a gabbro-eclogite phase change, represents a shift
from the conductivity vs depth curve for gabbro to that for
eclogite (garnet) at 35 km. The 70 km discontinuity, in
this case, corresponds to the rapid increase in conductivity
in the peak area of the conductivity curve.
A possible electrical conductivity vs depth distribution
may now be proposed for the upper portion of the earth. The
electrical conductivity of the basic layer of the crust cor-
responds to that of gabbro, measured in a buffered atmosphere
in the presence of an aqueous vapor. For the Moho at 35 km,
a jump in the conductivity of apporximately 1 order of magni-
tude will occur at this depth as the shift is made to the
conductivity vs depth curve for eclogite, obtained in a dry
buffered atmosphere. The conductivity will peak at still
greater depths, decrease, and then, as ionic conductivity
predominates (--70 km) increase again. For the Moho at
60 - 70 km, a similar phenomenon will be observed, but the
conductivity vs depth curve will be expanded, thus prolonging
the onset of predominantly ionic conductivity until greater
depths ( -- 150 - 200 kin).
11.63 A Maximum for the Iron Content in the Upper
Portion of the Mantle
Proceeding along the lines of an eclogite-gabbro
phase change at the Moho discontinuity, it is not difficult
to arrive at an upper limit for the iron concentration in
the top part of the earth's mantle. Lovering (1958) has tab-
ulated the mean compositions of eclogites, olivine basalts,
norites, and euchritic achondrites in order to demonstrate
their chemical similarity. These data were obtained by
several investigators, who analyzed numerous samples so that
a mean value for each is well defined. For FeO, the mean
percentage compositions for eclogite, olivine basalt, norite,
and euchritic achondrites were 12.6%, 11.96%, 9.37%, and
16.73% respectively. A gabbro-eclogite phase change, then,
suggests that 12.6% or 11.96% is the proper value for the
FeO content at the base of the crust.
However, this is not the maximum FeO content that is
possible. It may be that the eclogites observed at the sur-
face have been differentiated from a parent eclogitic body
of higher iron content. Equation (6.1-1) illustrates the
chemical equivalence of olivine basalt and eclogite, while
equation (11.61-1) shows the relationship between euchritic
achondrites and eclogites. Neither of these have iron as
a constituent element, however, Dana (1951) states that, for
silicates, variations in composition may involve the substi-
tution of Si by Al, of Al, Mg, and Fe by each other, Na by
Ca, etc. The plagioclase minerals, labradorite and bytownite,
exhibit negligible Fe substitution, but olivine may range
from forsterite [Mg 2 Si04 ] to fayalite [Fe 2SiO4 ]. Diopside
[CaMg(Si03) 2 ] has hedenbergite [CaFe(Si03)2] as an iron-
rich variety. As pertains to the pigeonite [(FeMg)SiO3 +
n CaMg(Si%3)2], a mixture of clino-enstatite and diopside,
a similar compound may occur in the series between clino-
enstatite and hedenbergite [i.e.- (MgFe)SiO3 + n CaFe(SiO3) 2]
(Dana, 1951). Therefore, the iron-rich equivalent of equation
(11.61-1) is:
(11.63-1) 4 CaAl2Si20 8 + NaAlSi308 +
bytownite
8 FeSiO3 + n CaFe(SiO3 ) 2
"pigeonite"
4 CaFe2 Al2 (SiO4)3 +
garnet
NaAl(SiO3 )2 + n CaFe(S03)2, + 5 SiO 2 ,
"omphacite" quartz
Due to the "n" molecules of hedenbergite in the pro-
ducts above, an extreme case is that where "n" is so large
that the other products are insignificant. The specific
gravity and elastic properties will still be similar to
those of eclogite since the substitution of Fe and Mg in
diopside has little effect on these parameters (zero pressure
density of eclogite - 3.35 - 3.6 gm/cm 3 ; hedenbergite -
3.58 gm/cm3 ). For this case, then, the maximum Fe and FeO
contents are 22.6% and 29.0% respectively. The garnet alone
gives Fe - 23.2% and FeO - 29.8% and corresponds to a mineral
composed of 1 part grossularite garnet and 2 parts almandite
garnet on a molecular basis. For the eclogite in equation
(11.63-1), with no hedenbergite, but only garnet, jadeite
[NaAl(SiO3 2 , and quartz, Fe - 18.4% and FeO - 23(,70
Almandite, the iron-rich garnet [Fe3Al2 (SiO ) 3 exhibits
Fe and FeO contents of 33.7% and 36.9% respectively, but
contains no Ca, a requirement imposed by the basicity of
the plagioclase.
Therefore, the preceding percentages of iron and their
relationships to a particular transformation suggest that,
for a phase change at the Moho analogous to equation(11,61-1),
the maximum possible Fe content in the upper portion of the
mantle is on the order of 23% and, for the FeO content, 29%.
It is interesting to note that almost identical values are
obtained for the case where hedengergite is considered as be-
ing the major constituent of the eclogitic material and for
the case where garnet is the major component. Furthermore,
the garnets measured in this investigation approximate the
garnet in equation (11.63-1) rather well since this garnet
has not only an FeO content of 29.8% but also a CaO content
of 8.36% when calculated as equivalent MgO (compare with
Table V-1).
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11.64 Conductivity Mechanisms in the Upper Portion
of the Mantle
At present, there exists a fair amount of disagreement
as to the exact mechanisms of electrical conduction in the in-
terior of the earth. Hughes (1959) attributes the conductivity
of the mantle to ionic processes while Runcorn (1955), Tozer
(1955), and Clark (1957) suggests that intrinsic semi-conduc-
tion is the predominant mechanism. Coster (1948) found that
the electrical conductivity of most rocks could be represented
by two sets of parameters, one with an activation energy of
about 0.7 ev, and the other, appearing at higher temperatures,
with an activation energy on the order of 2 ev, where the as-
sociated constants in the conduction equation were 10-1 to
10~4 and approximately 105 respectively. He suggests that the
first set of parameters may be indicative of impurity electron-
ic semi-conduction. Hughes (1933) arrived at the parameters in
Table I-1 and has associated r. - 10-4 - 10~6( ft-cm)~1 and
E - 0.5 - 1.0 ev with impurity semi-conduction, a. - 5 x 101
( ni-cm)~1 and E - 2.0 - 3.0 ev with intrinsic semi-conduction,
and a-, - 104 - 1010( A-cm)~1 and E - 2.8 - 4.0 with ionic
conduction. In his work with crystals of TiO2, Cronemeyer
(1952) obtained the values a, - 2.76 x 103 - 8.38 x 104
( -a-cm)~1 and E - 3.05 - 3.67 ev and places these under the
heading of electronic semi-conduction since passing current
through the sample for appreciable lengths of time had no
apparent destructive effect on the electrical properties of
the crystal.
The magnitudes of the parameters calculated for the
garnets measured in this investigation suggest that electronic
semi-conduction predominates up to temperatures just below
the melting point. Therefore, for an eclogitic upper mantle,
ionic conductivity will not become important as the major con-
duction mechanism until the temperatures at depth approach
those of the melting point curve. We have seen previously
that this will not occur at depths less than 70 km and, more
likely, will be on the order of 150 - 200 km.
This was suggested on the basis of the shapes of the
conductivity curves for gabbro and garnet and with the assump-
tion that pressure effects were negligible. However, Hughes
(1959) determined an increase in the excitation energy of oli-
vine of approximately 4.8 x 10-6 ev/kg/cm 2 and an overall de-
crease in the electrical conductivity of about 20% in the
pressure range of 1 atmosphere to 8500 kg/cm 2. This does
not necessarily mean that the effect of pressure is to in-
crease the electrical conductivity in all minerals. Paul
and Pearson (1955) find a decrease in the energy gap of single
crystals of Si of approximately - 1.5 x 10-6 ev/kg/cm2 at 2500
C and emphasize strongly that this is true only in the ab-
sence of any significant changes in mobility with pressure.
Other investigations (see Section 1.2) demonstrate that the
excitation energy may increase or decrease and that carrier
mobility is also a function of the pressure. Therefore, whether
the conductivity increases or decreases with the pressure
* '?f~
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depends upon the particular mineral in question and the nature
of the conductivity mechanism.
For eclogitic material composed of garnet, omphacite,
and quartz, we have the following data: 1) the excitation
energy of almandite garnet increases with pressure; 2) the
conductivity of garnet at 1 atmosphere pressure as a function
of temperature is as in Figures A-1 through A-31: 3) the
electrical conductivity of quartz as a function of tmeperature
at 1 atmosphere pressure is an in Figure A-41; and 4) the
predominant mode of conduction in garnet is electronic. How-
ever, the data that are necessary for a detailed discussion
but are lacking are: 1) the exact conductivity mechanisms for
quartz, omphacite, and garnet; 2) the electrical conductivity
of omphacite as a function of temperature and pressure; 3)
the effect of pressure on the individual constituents of
omphacite and quartz; and 4) the effect of pressure on the
mobilities of the carriers in quartz, omphacite, and garnet.
This demonstrates the value of simultaneous high temperature
and high pressure measurements, since all these measurements
would not be required. However, as a first approximation to
the actual case, the curves discussed in Section 11.62 may be
taken as representative of the electrical conductivity vs
depth distribution since, as compared with the entire earth,
it is a thin shell at the surface that is being considered
in this investigation rather than a position at depth under
extreme pressures.
On the basis of the a-. *s and the E's for the cooling
curves, it seems likely that the main conduction process in
garnets is of an intrinsic type. The slopes of the curves in
the conductivity peak region indicate that, upon initial
heating, ionic conduction is also in operation for a small
temperature range and that the true ionic conductivity re-
gion at higher temperatures demonstrates a rearrangement of
ionic or polar molecules in such a manner that the conductiv-
ity does not peak upon cooling due to the absence of this
component,
The question arises at this point, should the heating
or cooling curves be taken as representative of the electri-
cal conductivity in the earth? Section 11.2 discusses the
possible reasons for differences in the heating and cooling
curves in terms of "freezing in" of defects. If a phase
change is in operation at the Moho, then one might expect
that "freezing in" of defects might play an important part
in the overall conductivity, depending upon whether the phase
boundary is rising or falling. However, since this process
occurs on a geological time scale, such considerations should
be of little concern and the heating curves should be taken
as representative of the actual electrical conductivity.
Therefore, for the outer portion of the earth, the
following processes probably determine the electrical conduc-
tivity: 1) in the near surface region of the crust - ionic
conductivity determined by abundant pore fluids; 2) in the
lower portion of the crust - impurity and intrinsic semi-con-
duction; 3) in the basal portion of the crust or upper mantle
- intrinsic semi-conduction and ionic conduction together
(peak conductivity region); and 4) in the deeper mantle -
intrinsic semi-conduction giving way to ionic conductivity
with depth.
XII CONCLUSIONS
The design of Apparatus II is applicable to the
measurement of A.C. and D.C. conductivities in a controlled
atmosphere at elevated temperatures and, as was demonstrated
on both a theoretical and chemical analysis basis, the atmos-
phere may be efficiently controlled by a wastite buffer mix-
ture.
Although the majority of specimens measured exhibited
an electrical conductivity peak or a suggestion of a peak,
garnets were the only specimens investigated in detail.
Experimentation with garnets indicates that conductivity
curves obtained from heating and cooling measurements do not
coincide, but a given set of curves may be reproduced exactly
providing another sample from the same specimen is measured
under identical conditions. The presence of an aqueous
vapor phase tends to eliminate the electrical conductivity
peak and suggests that the water vapor in the laboratory
air may be responsible for the absence of the conductivity
peak associated with a sample run in air. Oxidation of the
sample appears to increase the overall conductivity. Therefore,
a buffered atmosphere is an absolute necessity in measuring
rock-forming minerals containing ferrous iron.
For those garnets run in a dry buffered atmosphere, a
possible dependence of the electrical conductivity upon chem-
ical composition is demonstrated. It appears that the lower
temperature conductivities depend upon the concentrations of
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FeO and Fe203, the highest temperature conductivities upon
"Mg0" (CaO plus MgO as equivalent MgO), and the intermediate
temperature conductivities possibly upon "MgO" and/or "MgO"/
MnO.
Polarization and/or thermo-electric effects -become
predominant in the higher temperature regions for many of the
minerals investigated, especially quartz and enstatite. How-
ever, as the iron contents of the minerals increase, these
effects become suppressed to the point of being unobservable.
Corrections were attempted where polarization and thermo-
electric effects occurred and the accuracies of all the
measurements are estimated to be within 10% of the actual
values.
The majority of the curves obtained for log a- vs
1/T are quite different from those obtained by other inves-
tigators and this may be due to the following: 1) a dry silicate
run in air produces no conductivity peak; 2) a dry silicate
run in a dry buffered atmosphere yields a conductivity peak;
and 3) a dry silicate run in an aqueous buffered atmosphere
gives no conductivity peak.
The possibility of a phase transformation from eclo-
gite to gabbro at the Mohorovicic discontinuity is not un-
reasonable or remote. For this case, the electrical conduc-
tivity data of Coster's (1948) measurements and the data
from this investigation may be combined to fit the electri-
cal discontinuity at approximately 70 km observed by Cantwell
(1960), who utilized magneto-telluric sounding techniques.
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Proceeding along the lines of an eclogite-gabbro
phase change at the Moho discontinuity, it is not difficult
to arrive an upper limit for the iron concentration in the
top part of the mantle. Data suggest that the actual FeO
content is 11.96 - 12.6% at the base of the crust or in the
upper mantle and calculations demonstrate that 29% is an
upper limit.
Finally, on the basis of the magnitudes of the elec-
trical parameters and the suggested conductivity vs depth
distributions, the following processes probably determine the
electrical conductivity in the outer portion of the earth:
1) in the near surface region of the crust - ionic conduc-
tivity determined by abundant pore fluids; 2) in the lower
portion of the crust - impurity and intrinsic semi-conduction;
3) in the basal portion of the crust or upper mantle - intrin-
sic semi-conduction and ionic conduction together (peak con-
ductivity region); and 4) in the deeper mantle - intrinsic
semi-conduction giving way to ionic conductivity with depth.
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FUTURE INVESTIGATIONS
There is still considerable work to be done along
the lines of the present investigation. The most desirable
materials to measure are synthetic crystals of approximately
the same chemical composition as the natural minerals of in-
terest. In such a case, various elements could be added to or
withdrawn from the initial mixture in order to ascertain the
effect of the variability of a given element concentration
upon the electrical conductivity. If natural mineral speci-
mens are employed, complete chemical analyses, both wet-
chemical and spectrochemical (including trace element analysis),
should be undertaken.
Auxiliary experimentation should be performed concur-
rently with the conductivity measurements in order to de-
tormine the number, character, and mobility of the conducting
particles. Part of this could be determined by observing the
Hall effect. Thermo-electric and polarization studies would
also be helpful in the case of iron deficient minerals.
Microscopic work on thin-sections would be advantageous
in "before" and "after" comparisons for determining the mag-
nitude of the effect of grain boundary separation on the con-
ductivity. In a similar manner, X-ray techniques might be
employed to investigate the effect of the formation of inter-
nal fractures.
Further investigations of buffers would also be desir-
able. This would result from the calculation and compilation
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of additional free energy data.
Simutaneous high temperature and high pressure con-
ductivity measurements would demonstrate a "short cut" to
possible conductivities existing at depths in the earth.
This would eliminate the necessity of determining the conduc-
tivity under a number of experimental conditions and then
combining the results to produce the final answer.
Finally, since the metal - semi-conductor contacts
may be the source of considerable error, it may be possible
to develop an inductive or dielectric method for measuring
the electrical conductivity under high temperatures and pres-
sures, thereby eliminating the need of metal contacts.
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APPENDIX A
PLOTS OF LOG a- VS. l/T FOR THE SPECIMENS MEASURED IN
THIS INVESTIGATION
(See Table A-1 for pertinent symbols)
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TABLE A-1. Symbols for Figures A-1 through A-42
- 0....0. Electrical conductivity in .- 1cm-1
T o. . Temperature in K
For Figures A-1 through A-7 and A-32 through A-38:
Heating Curves:
o ..... Conductivity determined by passing current
through the sample in the forward direction
o ..... Conductivity determined by passing current
through the sample in the reverse direction
0000 . Conductivity determined by passing current
through the sample in either direction gives
the same point
Cooling Curves:
o -*.. Conductivity determined by passing current
through the sample in the forward direction
o **'' Conductivity determined by passing current
through the sample in the reverse direction
0 ***** Conductivity determined by passing currentthrough the sample in either direction gives
the same point
For Figures A-8 through A-31 and A-39 through A-42:
Heating Curves:
6 ..... Conductivity determined by passing current
through the sample in the forward direction
o ..... Conductivity determined by passing current
through the sample in the reverse direction
**... Conductivity determined by passing current
through the sample in either direction gives
the same point
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TABLE A-1. (Continued)
Cooling Curves:
C0-
%.0
. *0*0
..... Conductivity determined by passing current
through the sample in the forward direction
..... Conductivity determined by passing current
through the sample in the reverse direction
Conductivity determined by passing current
through the sample in either direction gives
the same point
..... Approximate location of point
Point determined by "correcting" for [d]
For all A.C. Curves:
o ..... Heating curve points
e ..... Cooling curve points
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APPENDIX B
DERIVATION OF THE EQUATIONS FOR TEMPERATURES
AT DEPTH
The equations resulting in the temperature disbribu-
tions of Figure XI-1 may be derived in a straightforward
manner. The steady-state heat conductivity equation for
a half-bounded region is given by (Carslaw and Jaeger, 1959):
d ( R !) = A'
dx x
where Al is the heat generation and K is the thermal con-
ductivity. If we let the subscript "i" designate a particu-
lar layer, then:
K dT;. = A Cs = /te A; Cz
where P i is the density, Ai is the heat generation per unit
mass, and Ci is a constant of integration determined by the
boundary conditions:
dr, -/, H (at the surface)
dx
where Hi is the heat flow at the surface, and
k~ ~ ~ K j,, ~
dx ~x-,dx |xx-
Therefore, for the interior of the first layer, we have:
dIr =- H-PAx
cix g,
for the second layer:
'a _H- 1 2 A2 x-
dfxIl
19()
and so on to the nth layer:
-$ A Anx - (. A . . A4)x,.
Assuming that the surface temperature is zero, and
integrating again, we obtain the temerature at any given
depth in a particular layer. For a layered medium, the tem-
perature in the first layer is given by:
7-, =z ( tot At x)x
'(I
the temperature in the second layer by:
2 = -Per, Ax, )x:, (--,x)xx)
and the temperature in the third layer by:
3, X.
- *i&eA, (xr x, )*
(A A,- Aj )x,- Aj (A xJ
1s
-- , .3 ( x -xx)
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